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Regulatory genes of HIV-1, HIV-2, and SIV are important in
modulating virus infection and infection and transmission in vivo.
Viral proteins R. (VPR) and X (VPX) and the negative factor (NEF)
are three of the least well characterized regulatory proteins.
Identification of their functions, their mechanisms of actions,
and structure-function relationships of each protein, in vitro and
in vivo will assist in our understanding of the pathogenesis of
HIV induced disease. This information will be critical in defining
therapeutic approaches to suppression HIV-1 infection, replication,
and transmission.
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Summary

The anrent study examined the functions of the Vpr, Vpx, ard Nef requlatary
proteins of human immmodeficiency viruses. Vpr was found to be important far
productive infection of monocytes by HIV-1 but could be replaced by Vpu. Sewveral
Vprmmantsravebeencasmntedmvmlclmarﬂmlmvectorsarﬁamr
antibody raised far further structure-function stidies of this protein. Vpr was
shown to be packaged into virus particles, and this required only the Gag proteins
of HIV-1. The C~terminus of the Pr55 Gag precursar, which includes the p6 damain,
was necessary and sufficient far Vpr incorparation into the virus particle.
Cellular localization studies for Vpr demonstrated that a significant propartion of
the protein accumilated in the mxcleus. The nuclear localization signal of Vpr was
mapped to a basic damain in the C-terminus of the molecule. This activity of Vpr
was critical for the muclear impart of newly synthesized viral INA in quiescent
cells. Studies of Vpx showed that it was associated with gag p27 in the virus
particle. PFurthermcre, Vpx played a role in virus infection of primary lymphocytes
at low miltiplicities of infection. Studies of Nef demonstrated an inhibition of
transcription of the HIV-1 LIR and I12 pramcter mediated by inhibition of NF-KB and
AP-1 binding. However, the effects of Nef could be bypassed by activating T cells
through the INF receptar, IL1 receptor, or IPS receptor. Effects of Nef could also
be overcame by the addition of phospholipase C, suggesting that the effects of Nef
are on early T cell activation events. Studies of Nef mitants demonstrated a role
far myristoylation in anchoring the protein to the cytoskeletan. Nef was also shown
to mediate downmodulation of cell surface expressicn of (D4 through the lck binding
damain of CD4. S,

Acce - \\ A
NS o '
DEET '

=




Contrict No. DAMD17-90-C-0125S
Basic
Page No. 14

FOREWORD

Opinions, interpretations, conclusions and recommendations are
those of the author and are not necessarily endorsed by the U.S. Army.

__lf;Where copyrighted material is quoted, permission has been obtained
to use such material.

__ﬁ:;Where material from documents designated for limited distribution
is quoted, permission has been obtained to use the material.

JLEL_Citations of commercial organizations and trade names in this
report do not constitute an official Department of the Army endorsement
or approval of the products or services of these organizations.

v In conducting research using animals, the investigator(s) adhered
to the "Guide for the Care and Use of Laboratory Animals," prepared by
the Committee on Care and Use of Laboratory Animals of the Institute of
Laboratory Animal Resources, National Research Council (NIH Publicaticn
No. 86-23, Revised 1985).

// For the protection of human subjects, the investigator(s) have
adhered to policies of applicable Federal Law 45 CFR 46.

_JZ:_IH conducting research utilizing recombinant DNA technology, the
investigator(s) adhered to current guidelines promulgated by the
National Instj s of Health.

| / §-2-94
A/

P.I. Signature Date




Mechanisms of Cytotaxicity of the AIDS Virus Contract No. DAMD17-90-C-0125
P.I.: Lee Ratner, M.D., Ph.D. Basic

TABLE OF CONTENTS

Pace
Introduction
6 Technical Objectives
7 Hypotheses
7 Background
Body
1 To define the function of viral protein R (Vpr)
31 To define the function of viral protein X (Vpx)
36 To determine the function and mechanism of action of negative factor (Nef)
105 Conclusions
106 References

Appendix - Publications
Oopy of all publications, numbered as listed in Publications Sectian




Mechanisms of Cytotoxicity of the AIDS Virus Contract No. DAMD17-90-C-0125
P.I.: Lee Ratner, M.D., Ph.D. Basic

(5) INTRODUCTION - Derived fram the ariginal Contract Proposal

a) Technical Objectives

1. To Aefine the function of viral protein R _(VPR)

a. Express HIV-1, HIV-2, and SIV vpr genes in E. ocoli
b. Develop antibodies to recarbinant VPR products
C. Detemmine size(s) of VPR products in acute and chronically infected lymphoid and monocytoid
cells infected with HIV-1, HIV-2, and SIV
d. Detemmine cellular localization of VPR
e. Assess co- and post-translational modifications of the VPR proteins
f. Isolated!&samdirgvm
Determine role of VPR in HIV-1, HIV-2, ard SIV replication in a variety of lymphoid and
mncyto;.doells
h. Determine mechanism of action of VPR in enhancing HIV~1 infectivity and/or replication in MT4
lymphoid cells
1.DetammeroleofVPRmv1vothhapp:op:iatenndelsystam
j. Determine role of VPR in modulating disease in HIV-1 infected humans

2. To determine the function of viral protein X (VPX)

a. To assess effects of VPX on replication and cytopathicity of HIV-2 in T lymphoid and monocytoid
cells

b. To determine cellular localization of VPX in HIV-2 infected cells

c. To detemmine if there are co- or post-translational modifications of VPX

d. To assess whether VPX proviral mutants can be canplemented in trans by a VPX expression clone

e. To determine structure-functionmrelationships of VPX

f. To assess effects of VPX an replication and cytopathicity of SIV in T lymphoid and monocytoid
cells

g. To assess role of VPX in vivo with animal model systems

3. To determine function and mechanism of action of NEF

a. To determine relative effects of HIV-1 NEF on viral RWA transcription, degradation, and
muclear—cytoplasmic transport

b. To characterize NEF responsive sequences

c. To characterize mechanism of transcriptional suppression by NEF

d. To determine role of phosphorylation, GTP binding, GTPase activity, and myristoylation acceptor
activity in NEF activity

. To detemine effects of NEF on cellular proteins including thoee which may modulate HIV-1

infectivity or replication

f. To detemine role of NEF in HIV-2 and SIV replication

g. To detemmine role of NEF in vivo with animal model systams

h. To determmine role of NEF in modulating manifestations of HIV-1 infection in humans

i. To detemmine therapeutic role of a retrovirus esqressing NEF




b) Hypotheses

Regulatory genes of HIV-1l, HIV-2, and SIV are important in modulating*
virus infection and transmission in vivo. Viral proteins R (Vkk} and X
(VPX) and the negative factor (NEF) are three of the least well charac-
terized regulatory proteins. Identification of their functions, their
mechanisms of actions, and structure-function relationships of each protein,
in vitro and in vivo will assist in our understanding of the pathogenesis of
HIV induced disease. This information will be critical in defining thera-
peutic approaches to suppressing HIV-1 infection, replication, and trans-
mission.

c) Background
i) Basis

HIV-1 and HIV-2 cause a slowly progressive immunosuppressive disorder
in humans. One species of simian immunodeficiency virus (SIV) derived from
rhesus macaques, SIV-MAC, can cause a similar disorder in this species of
monkeys (Chakrabarti et al., 1987). Related lentiviruses aie found in other
species of monkeys including mandrills (Tsujimoto et al., 1989), sooty
mangabeys (Hirsch et al., 1989), and African green monkeys (Fukasawa et al.,
1988). More distantly related lentiviruses causes immunosuppression in cats
(feline immunodeficiency virus) (Pederson et al., 1987; Luciw et al., 1989),
sheep (visna virus) (Haas et al., 1985), goats (caprine-arthritis encepha-
litis virus) (Narayan & Cork, 1985), and horses (equine infectious anemia
virus (Issel et al., 1986).

These viruses are biologically and structurally related. They differ
from avian and murine retroviruses in the complex nature of their genomes
: . In addition to genes encoding structural and enzymatic virion
proteins, GAG, IOL, and ENV, these viruses all encode a number of regulatory
proteins (Haseltine et al., 1988). Seven regulatory proteins have been
identified thus far.

TAT 1is a positive feedback regulator of expression of virion and
regulatory proteins, working primarily at the - level of transcriptional
initiation or elongation, and to a lesser degree at a post-transcriptional
level.

REV is a differential regulator that increases expression of virion
proteins at the expense of regulatory proteins by increasing the transport
of unspliced and singly spliced mRNAs from the nucleus to the cytoplasm and
by increasing their stability. In addition, a fusion protein between TAT
and REV has recently been described (Felber et al., 1989b); 1its function is
unknown.

VIF 1is important for the infectivity of the wvirus particle by a
post-translational mechanism that remains tc be defined. VPU is important
for mature virus assembly at the cell surface. VPR, VPX, and NEF are
additional regulatory proteins whose functions will be the focus of this
study, and will be discussed below.

Regulatory proceins are likely to be important in determining the level
of virus replication at different stages of disease, in determining the
types of interaction with the immune system, and in modulating virus
infectivity and transmission. A better understanding of their structure,
expression, and mechanism of action will undoubtedly improve our under-
standing of pathogenesis, lead to the development of new diagnostic assays,
provide new insights into therapeutic maneuvers which may suppress virus
replication and/or cytopathicity, and assist in the development of a vaccine
for HIV prevention.




Viral Protein R (VPR)

The vpr gene is found in the genodes of HIV-1, HIV-2, simian immuno-
deficiency viius (SIV) of rhesus macaques (SIV-MAC), SIV of sooty mangabey-
(SIV-SM), but not SIV of African green monkeys (SIV-AGM), or SIV of man-

drills (SIV-MN) - (Wong-Staal et al., 1987; GSuyader et al, 1987;
Chakrabarti et al., 1987; Fukasawa et al, 1987; Tsujimoto et al., 1989;
Hirsch et al., 1989). An open reading frame 1is also found in a similar

position in the visna virus genome (Sonigo et al., 1985). The conservation
of the predicted VPR proteins among these different lentiviruses is almost
as great as that of GAG and POL proteins , .

The HIV-1 VPR protein 1is 78 amino acids long in several strains,
and 96 amino acids long in the remaining strains (Meyers et al, 1989).
Functional proviral clones of HIV-1 have been identified with ejither

form of the vpr gene (Dedera et al., 1989, = Adachi et al.
1989). Among the first 70 amino acids, S0% conservation of amino ac1d
sequences are noted > (Meyers et al, 1989). The HIV-2 VPR protein is

105 amino acids in length whereas that of SIV-MAC is 97 amino acids long
(Guyader et al., 1987; Chakrabarti et al., 1987).

The VPR proteins of HIV-1, HIV-2, and SIV-MAC are expressed in vivo as
evidenced by the presencer of antibodies reactive with recombinant VPR
products in 33-67X of infected humans or rhesus macaques (Wong-Staal et al.,
1987; Lange et al., 1989; Yu et al, 1989). A single antibody to the 96
amino acid form of the HIV-1 VPR product has been developed and claimed to
detect a 13 kd VPR protein in cells acutely infectad with HIV-1 (Lange et
al., 1989). The poor quality of the radioimmunoprecipitation analyses using
this antibody suggest that the specificity and avidity of this antibody are
poor. An antibody to the SIV-MAC VPR product has also recently been
developed (Yu et al., 1989), but results with this antiserum have not yet
been reported. No antibody to the HIV-2 VPR product has yet been developed.

Work from our laboratory has demonstrated that the HIV-1 and HIV-2
VPR products are dispensable for virus infectivity, replication, and
cytopathicity (Dedera et al., 1989 ). Proviral clones have
been constructed expressing a 2 (R2), 22 (R22), 31 (R31), 40 (R4O), 78
(R78 or X), or 96 (R96) amino acid form of the VPR product. No differences
in the above noted parameters were detected in H9, MOLT 3, CEM, U937, or SUP
Tl cell lines, or peripheral blood lymphocytes. HIV-2 proviral clones have
been constructed which express either a 105 (MR105 or SE) or 6 amino acid
(MR7) form of VPR. . No alterations in infectivity, replication, or cyto-
pathicity were noted with viruses derived from these clones in H9, MOLT 3,
CEM, SUP T1, Jurkat, or U937 cell lines, or primary human lymphocytes or
monocytes .

However. recent data suggests a cell-type dependent effect of vpr
expression or action. In MT4 cells, the kinetics or replication of virus
derived from R2 were significantly different from that of R78, with retarded

and diminished virus yield from the vpr mutant . Thls finding has
now been obtained in 6 replicate experiments with 3 dlfferent preparations
of R2 and R78. Cytopathicity was comparably depressed. The novel feature

of this cell line which may account for this effect is unknown; thcre may be
a relationship to human T-lymphotropic virus type 1 (HTLV-I) expression in
MT4 cells.

In addition, we have noted subtle morphological differences of virus
derived from vpr mutant infected cell lines compared to those infected with
the parental virus . R2 wvirus particles appeared to be less
homogenous and more immature than those derived from R78. This may suggest
an effect of VPR in virus assembly or maturation. Possible alterations in
the structure of the virus particle could account for possible changes in
infectivity of the virus.




Viral Protein X (VPX)

The vpx gene is found in HIV-2, SIV-MAC, SIV-AGM, SIV-SM, but not
HIV-1 or SIV-MN (Guyader et al., 1987; Chakrabarti et al, 1987, Fukasawa
et al, 1988; Hirsch et al., 1989; Ratner et al., 1985a; Tsujimoto et al,
1989). It 1is an immunogenic protein expressed in vivo, to which 85X of
HIV-2 infected humans and 20X of SIV-MAC infected rhesus macaques generate
antibodies (Kappes et al., 1988; Yu et al., 1988).

The VPX product is a 112 amino acid proline-rich protein which is found
in the wvirion in equimolar ratio to the GAG cansid (CA; p24) antigen

(Henderson et al., 1988). It has also been found th. be a nucleic acid
binding protein, though specificity for this property remains to be investi-
gated.

Four groups of investigators, including our own group, have now
reported on findings of SIV or HIV-2 wviruses with alterations in vpx
(Yu et al., 1988; Guyader et al, 1989; Hu et al., 1989 .
Kappes et al, 1989). All groups agree that VPX is dispensable for virus
infectivity, replication, and cytopathicity. For example, we have found no
effect of VPX on replication of HIV-2 in CEM, H9, U937, SUP Tl, and Jurkat
cell lines. These studies were carried out with HIV-1 proviral clones
capable of coding for the full-length VPX protein, or a clone with a serine
substitution for the initiator methionine (MX1l), a clone. with a termination
codon at position 22 (MX22), and a clone with the same mutation present in
MX1 as well as a frameshift mutation at position 62 and another termination
codon at position 70 (MX1+62).

However, divergent results were obtained in  studies of vpx mutant
replication on primary T lymphocytes. Whereas Guyader reported a 10-fold
decrease in HIV-2 replication in the absence of VPX on T lymphocytes, our
own studies have repeatedly failed to detect an alteration in infectivity,
replication, or cytopathicity of HIV-2 viruses in primary human lymphocytes
with . or without vpx (Guyader et al., 1989; Hu et al., 1989 - .-~ ). A
more comprehensive examination of kinetics of HIV-2 and SIV replication in
primary human and macaque lymphocytes and in primary monocytes is clearly
indicated to resolve these potentially important discrepancies.

Our group has recently detected a particularly intriguing property

of VPX to direct HIV-2 budding to particular sites in the cell. In the
presence of VPX, HIV-2 was found in H9 cells to bud intracellularly and
at the plasma membrane : . The morpho ogy of the virus particles was

generally mature and rather homogeneous. In the absence of VPX, HIV-2 buds
exclusively at the plasma membrane. The virus particles were generally less
mature and less homogeneous.

Negative factor (NEF)

The nef gene, unlike the vpr and vpx genes, is poorly conserved between

different strains of HIV-1 and other 1lentiviruses (Ratner et al., 1985

Meyers et al., 1989). A similar open reading frame, however,
has been described also in HIV-2, SIV-MAC, SIV-AGM, SIV-MN, and SIV-SM
(Guyader et al., 1987; Chakrabarci et al., 1987; Fukasawa et al., 1987;
Tsujimoto et al., 1989; Hirsch et al., 1989).

The NEF protein is immunogenic in wvivo 1in infected humans. Both
humoral and cell-mediated immune responses have been detected to this
protein (Allan et al., 1985; Arya et al., 1986; Franchini et al., 1986 and
1987). Perhaps the most intriguing finding is the identification by several
different investigators of antibodies reactive with NEF early after infec-
tion and frequently prior to the detection of other anti-HIV-1 antibodies
(Ameisen et al., 1989a and b; Sabatier, et al., 1989, Reiss, et al., 1989,;
Ronde et al., 1989; Chengsong-Popov et al., 1989; Laure et al., 1989). This
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suggests that NEF may be the first viral protein to be expressed in vivo.
Recent data from tissue culture experiments confirm that NEF mRNA s
expresscd after infection earlier than mRNAs for other regulatory and
structural proteins (Klotman et al., 1989).

Five laborateries, including our own, have now reported that NEF is a
negative regulator of virus replication (Luciw et al., 1986; Terwilliger et
al., 1986; Ahmad & Venketassen et al., 1988; Niederman et al., 1989 &
’ Levy et al., 1989). However, one laboratory has failed to

detect an effect of NEF (Kim & Baltimore, 1989). Differences in sequence of
the NEF product expressed or other technical difficulties may explain the
discrepancy. Differences in NEF expression, NEF action, or NEF respon-
siveness have been demonstrated for different HIV-1 clones (Levy et al.,
1989). Kim & Baltimore have not yet carried out similar experiments with
proviral clones obtained from any of the five 1laboratories which have
described down-regulatory effects of NEF.

In studies of SIV-MAC clones, all of those which are capable of giving
rise to virus in maraque lymphocytes have a defect in nef, whereas the
single clone whic! is not functional has an intact nef gene (Desrosiers,
personnal communic ition).

Our own laburatory has recent'y localized the effect of NEF to an

effect on wiral RNA 1levels (Niederman et al., 1989 ). This
effect is at least partially due to an effect on viral transcription as
determined by nuclear run-off experiments. Effects on RNA transport or

degradation have not be>n excluded. Confirmation of these results was
reported by Ahmad & Venketessan (1988).

The NEF protein has also been reported to down-regulate human CD4
expression (Guy et al., 1987). However, this study was carried out with
vaccinia expressed NEF, and only a single control experiment was done
examining another lymphocyte surface antigen, 4B4, which was only minimally
down-regulated. However, differences in stability of different antigens on
the surface of lymphocytes could be reflected in vaccinia infected cells,
and the effect may not be specific to NEF. Further studies of the effects
of NEF on cellular protein expression and growth are warranted.

Nef is expressed as two proteins from the same mRNA duec to utilization
of different AUG codons (Ahmad & Venketessan, 1988). When the first AUG
codon is recognized a 206 amino acid, N-myristoylated 27 kd protein is ex-
pressed. This protein may be phosphorylated at the threonine at position 15
by protein kinase C (Guy et al., 1988). A second NEF product is expressed
from utilization of the second AUG codon to produce a 187 amino acid, 25 kd
protein (Ahmad & Venketessan, 1988). Both proteins can tind and cleave GTP,
and can autophosphorylate at a carboxyl terminal serine residue in the

presence of GTP (Guy et al., 1988). Sequence similarities between amino
acids 95 and 111 of NEF and other nucleotide binding proteins are readily
apparent (Samuel et al., 1987; Guy et al., 1988). The possible relation-

ships of these interesting biochemical activities with NEF activity remain
to be investigated.

10
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(6) BODY

1) To define the function of viral protein R (VPR)
a) Express HIV-1, HIV-2, and SIV vpr genes in E. coli

In the ariginal applicatiaon, we had proposed to express each form of vpr in E.
ooli, in arder to abtain proteins that could be used for immunization of rabbits far
antibody development. We have essentially bypassed this undertaking, by ocbtaining
a purified synthetic HIV-1 Vpr protein fram Dr. Gras-Maase. Wurthermore, the
anrrent availability of antisera to the HIV-2 and SIV mac Vpr proteins (kindly
provided by Dr. T.H. Lee, Harvard) also precluded the requi'~ment for the expression
of these proteins in E. ocoli far this purpose.

b) Develop antibodies to recambinant Vpr products

We have inoculated a single rabbit with the synthetic HIV-1 Vpr protein have
now abtained over 100 ml of antiserum. This antiserum shows better reactivity with
either [3H)-lexcine labeled HIV~1 Vpr protein expressed in reticulocyte lysates or
in transfected BSC4A0 cells than those provided by Dr. T.H. Lee, AIDS Repositary,
or Dr. Gearge Shaw, and was utilized in all studies described below. We hzve
provided 30 ml of our antiserum to the AIDS Reagent Repository.

c) Determine the size(s) of Vpr products in acute and chronically infected lymphoid
and monocytoid cells infected with HIV-1, HIV-2, ard SIV

We have used the anti-vpr antibody to analyze 3H-leucine labeled proteins from
reticulocyte lysates, HIV-1 infected primary lymphocytes, and vaccinia virus
exqressed vpr and have found no significant differences in sizes of the single 16
kDa product. No evidence far a precursor of a different size has been detected or
for coimmunoprecipitation of other labeled proteins.

d) Determine the cellular localization of Vpr

We first examined the cellular localization of Vpr in HIV-1 infected primary
lymphocytes. Cell fractionation studies demonstrated that about 50% of Vor was
present in the rnucleus, 15% in the memlrane fraction, and the remaining 35% was
released from infected cells in virions (Fig 1).

Expression of Vpr in the absence of other HIV-1 proteins, using a SRalpha
expression plasmid, demonstrated that the majority of Vpr was localized in the
nucleus (Fig 2).

In BSC40 cells infected with VIF7-3 (vaccinia virus expressing T7 RQA
polymerase) and transfected with pIM3(vpr), we have fourd that the majority of vpr
was localized with the muclear fraction (Fig 3). Co-expression of gag did not
significantly effect the localization of vpr. In contrast, gag p24 was fourd
primarily in the cytosol, and to a lower extent in the membrane and cell-free
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supernatant urder these labeling caditions.

We oonfirmed the results fram the cell fractionation experiments by
immunof lucrescence studies (Fig 4). These data demonstrated that the majarity of
Vpr was in the ncleus. However, Vpr was also detected in a perinuclear
localization, that was resistant to hrefeldin treatment. This suggests that the
latter location was probably not the Golgi apparatus.
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FIG. 2. Locabization in COS-7 cells of Vpr expressed from pSR.
(A) Vpr sense (pSR-VPRsY and antisense (pSR-VPRa) expression
plasnuds, which include a transeniptional enhancer (SV3iton). a
transcoiptional promoter (HTLV- long terminal repeat [R:AUS]), and
a polvadenylition isertion sequence (polvA-ins). (B} Subcellular
fractionation of Vpr cxpressed in transtected and {Hijleuane-labeted
COS-7 cells from pSV-VPRs (8) and pSR-VPRa (A) 0 postauclem
wash (PNW), auclcoplasm (NUCLPL). chromatin (CHR). nuclear
matin (MAT), ovtosol (CYT). membrane wash (MW and mem
branes (MEM). Lquivalent amounts ot cach fraction were immuno-
precipitated with the ante-Vpr antiserum and analvzed by SDN-PAGE
The clectrophoretic position of Vpris shown by an arrow a1 the rizin

Fig 1 Fig 2

We have also analyzed the cellular localization of mutant Vpr proteins using
this vaccinia virus expression system. The distribution of the SRIG mutant, with
a deletiaon of amino acid residues 79-82, closely mirrar that seen with the parental
form of Vpr, with primarily muclear localization. In contrast, the CRST muatant,
truncated after amino acid residue 77, was approximately equally distributed between
muclear, cytosol, and memtwrane fractions (Fig 3). This suggested that seguences
between amino acids residues 78 and 96 may comtrilute to the localization with the
mclear fraction. We confirmed that these C-terminal sequences contain a ruclear
localization sequence, based on the finding that a beta-galactosidase fusion protein
to which amino acid residues 77-96 were added at the C-termimus resulted in
translocation to the nucleus.

12
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To assess the purity of each of ithese fractions, similar aq:erm\errts were
perfarmed with marker proteins, for nuclear, membrane, Golgi, endoplasmic reticulum,
and cytosolic proteins.

A)

Vpr carboxyl terminal sequence

96
Wt ! IGCRHSRIGVTRQRRARNGASRS
v
CRsT ! IGCRST
B
) pIM-UPR PTM-CRST
[ H 1
s o > s &
(OIS Q SN B
STITRFLEIFS FTHFSF L P S

30 —

143 -

6.5 — - -

C) 50

o pTM-VPR
W pTM-CRST

% OF TOTAL VPR PROTEIN

PNW NLCLPL CHR MAT YT MW MEM

SURCELIVLAR FRACTIONS
FIG. 3. Subeeudar distribution of vaceinia virus-expressed parental Vprand carboxybterminal truncation mutant CRST m BSC30 cells. (A)
Schematic drawing of the Vpr protein, indicating the carboxyl-terminal arzinime-tich sequence of the wild tpe (W) and of the truncation mutant.
CRST(B) Vpr eapressed from pTM3 in vTE7-3-infected cells. Cells were Labeled with | 'HJleucine and fractionated into postnuciear wash (PNW),
nucleoplasm (NUCLPL), chromatin (CHR), nuclear matrix (MAT). eviosol (CY'] ) membrane wash (MW micmbranes (MEM), and cellula
supernatint (5UP). Molecutar mass marker, are shown at the left i Mloddtons (Cy Proportion of VPR in cach subeellular fraction as determimed
by Liser densitometry from PTM-VPR (solid bars)- or pTM-CRST (hatched barsy-transtfected cells.

Fig 3
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We have also perfarmed immmnogold localization studies with Vpr expressed in
primary lymphocytes. First, we examined several vpr+ HIV-1 strains, and found in
each case both intracellular (in vacuoles that resembled Golgi remnants) amd
extracellular virus particles (Fig 5). The average rumber of gold particles per
virion was determined to be 1.15~1.79. For extracellular virions, the average
nuber of gold particles per virion was 1.34-1.77, whereas far intracellular
virions, the average mumber of gold particles per virion was 0.75-0.99. No
significant effects on vpr packaging in the virus particle were found in the
presence campared to the absence of co-expressiaon of Vou. The finding of decreased
levels of Vpr per virion far intracellular versus extracellular virions was a

consistent and interesting finding.

A) anti-VPR

pTM

phase anti-VPR anti-Histones

FIG. 4. Immunofluarescence localization of Vpr in BSC40 cells. {A) pTM-VPR (left)- or pTM (right)-transfected vTF7-3 infected cells were
incubated with the anti-Vpr antiserum and an FITC-conjugated goat anti-rabbit immunoglobulin. Magnitication. X 188. (B) Higher magnification
(% 752) by phasc-contrast microscopy (left) and fluorescence microscopy (middie and right) of a representative cell incubated with anti-Vpr
antiserum and FITC-conjugated goat anti-rabbit immunoglobulin (middic: filter with excitation range of 450 ta 490 nm and emission ringe of 320
to 360 nm) and antihistone antiserum and rhodamine-conjugated gowt anti-mouse immunoglobulin (right; filter with excitation range of 310 to S60
nm and emission range of >590 nm). Diffuse nuclear (thin arrow) and focal perinuclear staining (thick arrow) are indicated in the middle pand

Fig 4

In many cases the localization of Vpr in the virus particle appeared in a
circular array, that resembled envelope localization (Fig 6,7). No such
localization was seen with anti-vpx ar anti-gag antisera. Experiments were

perfarmed with anti-gp120 antisera colabeling to demonstrate that vpr was situated
beneath the viral envelope (Fig 7). In addition, we have oconstructed mutant
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packaged into the virions. Lymphocytes infected with a virus with a deletion of
residues 79-82 of vpr showed preferential incorpoaration of vpr into intracellular
canpared to extracellular particles (Fig 8, 9). Lymphocytes infected with a virus
with a deletion of residues 77-96 demonstrated less than 10% of vpr incorparation
into virions. This result is not due to alteration in recognition by the antibody,
since each of the mutant farms of Vpr has been expressed in reticulocyte lysates and
vaccinia virus infected BSC40 cells armd is detectable with the antiserum (Fig 10).

e) Assess co- and post-translational modifications of the Vpr protein

Experiments to examine whether HIV-1 or HIV-2 Vpr proteins are phospharylated,
O-glycosylated, sulfated, or palmitoylated were perfoarmed and showed no such
modifications.

f) Isolate cNAs encoding Vpr

The experiments on isolation of Vpr dias in PBMCs fraom HIV-1 infected patients
were carried out by R PCR. We found the same mRNAs previously described by
Scwartz et al (1991), and no fusion proteins of Vpr to other open reading frames
were noted.

qg) ine role of in HIV=1, HIV-2, and SIV lication in a vari of
lymphoid and monocytoid cells

We demonstrated that a discrete env determinant, including the V3 loop, hut not
the (M4-binding domain, is necessary and sufficient for HIV-1 infection of
monocytes. Additionally, we have identified three virus replication phenotypes in
monocytes in vitro using molecular defined proviral clones. These include
productive infection, with the qeneratlon of high virus replication levels; silent
1nfectlon, with low to undetectable virus replication in monocytes, despite ultimate
virus recovery from infected monocytes following cocultivation with uninfected,
phytchemagglutinin stimulated peripheral blood monomuclears (PEMCs [lymphoblasts]);
ard no infection, with neither virus replication in nor virus recovery from
monocytes observed. We demonstrated that vpr and vpu are central to the regulation
of virus replication in primary monocytes and together mediate the expression of
silent versus productive infection (Fig 10).

To study viral regulation of monocyte infection, we utilized a panel of
chimeric HIV-1 clones, oconstructed fram the narmonocyte-tropic clone HXB2, and the
monocytetropic clane ADA, as previously described. To correct a vpr defect in each
of these clones, the result of a single base insertion in HXB2, 2.7 kb Sal I-Bam HI
HXaDA DNA fragments (muclectides 5785-8474) were subcloned into the full-length
proviral clone NI4-3, in which the vpr open reading frame is intact. The resultant
NIHXADA clones contained the ADA-derived env determinant previously localized to
micleotides 7040-7323, flanked by other protions of env and vpu and small partions
of tat amd rev. A clale in which the entire 5785-8474 sequence was HXB2 derived
(thus lacking a monocyte-tropic env determinant) was used as a negative control for
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these expeirments. Because HXB2 lacks a vpu initiator methionine codon, clones in

mﬁduvmvasrmderivedmredefectivefcrmat;roduct, in contrast to clanes
with an ADA-encoded vpu. Finally, a vpr mitant corresponding to each NLHXADA clone
was generated by introducing a frameshift tion at codon 63.

.
T - p

> -

NYEN ‘memanvgold localization of Vpr in virus particles. (a) Vpr-specific gold particles were seen in the wild-type HIV-! virions in
A Srssfudr region (arrow 1) and in a cytoplasmic vacuole (arrow 2). Labeiling was also found at a portion of the vacuolar
nvax ¢ showed higher density, consistent with hai of .. hudding virus particle (arrow 3). The bar represents 500 nm. (&) Vpr-

v o adelled particles (15 nm diameter: arrowhead) were found 1+ 2 'arge vacuole of an infected PBMC. N, nucleus. The bar
‘\‘,\.. < SV 1m () An enlarged area of the vacuole (boxed) 1 (A 15 shown (rotated 90%) with Vpr-spectfic gold particles (15 nm
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Fig. 3. Schematic representation of possibie locations of Vpr-specific
gold particles in HIV-1 virions embedded in thin resin sections. HIV-
1 virions associated with infected cells were embedded in resin and cut
into sections of 100 um in thickness for post-embedding immuno-
staining and electron microscopic observations. Virions located at
the upper (a) or lower portion of the section (f) would have been cut
tangentially and the exposed Vpr antigen could be labelled with the
antibody if Vpr war situated near or beneath the viral envelope. These
virions wonld be predicted to appear smaller under the clectron
microscope and the gold particles would form a cluster. Virions cut
through the centre would be predicted to appear larger and gold
particles would form a ring-shaped pattern with () or without a core
(d and e). The diameter of these virions would appear to be similar to
that of typical virions. Virions embedded within the resin would not be
accessible to H,0, etching and their associated antigens would not be
exposed. A typical virion diameter is approximately 100 nm.

In resin section
(100 nm thick)

Fig 6.

Virions from the recanbinant clanes, generated by transfection, were assayed
far their ability to infect and replicate in primary monocytes by the presence of
reverse transcriptase (RT) activity in cultire supernatants and by the ultimate
recovery of virus following cocultivation of monocytes with uninfected PRMCs. The
results are sumarized in Fig. 10. All clones comtaining the ADA-derived env
determinants with an intact vpr gene generated high virus replication lewvels in
monocytes. Inactivation of vpr in these clanes, however, generated divergent
results, depending upon the derivation of mucleotide sequences 5999-6345 (SK
fragment). Clones in which this portion of the gename was ADA derived generated
lower (but readily detectable) virus replication levels than did their wild-type vpr
counterparts. However, vpr mutants in which the SK fragment was HXB2 derived
typically failed to generate virus replication levels detectable above background
in monocytes, despite subsequent virus recovery fram these cultures onto uninfecred
PEMCs. The negative camtrol clane, which carried a wild-type vpr but lacked the
monocyte~tropic env determinant generated virions which neither replicated in nor
were recovered from moncoytes, as previously demonstrated. No significant
differences were seen in the replication of each virus strain on PBMCs obtained fram
several different donors.
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Fig 7.

Py B
B2

Fig. 4. Vpr localizz.ion on budding virus particles. (a) Condensed plasma membrane structures are immunolabelled with Vpr-specific
gold particles (arrowheads). The bar represents 200 nm. (b) Virus budding from a condensed area of the cell membrane was labelled
with Vpr-specific goid particles (arrowheads). A single extracellular immature virion labelled weakly with these particles (15 nm).. but
better labelling with Gag p24-specific gold particles (5 nm) was observed. The bar represents {00 nm. (c) Other immature vinons
immunolabelled with Vpr-specific gold particles (arrowhead). The bar represents 100 nm. (d) Additional immature virions labelled with
Vpr-specific gold particles (15 nm, arrow 1) under the virus envelope as well as Gag p24-specific gold particles (5 nm, arrow 2). (¢) An
immature virion near the cell surface was identified that labeiled with Vpr-specific goid particies under the viral envelope (15 am,
arrowhead), whereas Gag p24-specific gold particles (5 nm) were seen in the central area of the virion. The bar represents 200 nm. (j)
A ring-shaped distribution of Vpr-specific gold particles (15 nm) was evident on an extracellular virus particle, with Gag p24-specific
gold particles (5 nm) localized in the central core of the virion.
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Fig. 5. Immunolabelling of wild-type and mutant forms of Vpr on HIV-
1 virions. (a) Vpr-specific gold particles labelled extracellular wild-type
virions (15 nm, arrow 1). Gag p24-specific gold particles (5 nm, arrow
2) were also observed in virions. An average of 15 Vpr-specific gold
particles per virion was found. The bar represents 200 nm. (b) Vpr
mutant SRIG virions also labelled with Vpr-specific gold particles
(15 nm, arrow 1). Gag p24-specific gold particles (5 nm, arrow 2) and
Env gpl20-specific gold particles (10 nm, arrow 3) were also identified.
An average of 11 Vpr-specific gold particles per virion was measured.
The bar represents 200 nm. (c¢) Vpr mutant CRST virions showed very
little Vpr-specific labelling (arrow 1), whereas Gag p24-specific gold
particles were still observed (5 nm, arrow 2). An average of 0-1 Vpr-
specific gold particles per virion was counted. The bar represents
200 nm.
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Fig. 6. Wild-type and mutant Vpr expression in virions as a percentage
of the total expression in the wild-type in HIV-I-infected PBMCs
infected for 7 days. Extracellular ((J) and intracellular (£3) Vpr
expression are shown, together with the average aumber 50 Vpr-specific
gold particles (ou both extracellular and intracellular virions) as a
percentage of the wild-type (H).

Fig. 9

Monocytes were infected with recambinant HIV-1 clones containing a functional
vpr gene, stained with toluidine blue, arrlexammedbyhghtmicmsccpy (1 um thick
plastic sections). Qultured infected with a nonmocytetropic virus, NIHXADA-SK which
contains a functional vpu gene, were indistinguishable fram uninfected cells, with
rare, small miltimcleated cells (Fig 1la). Qultured productively infected with
wnscatamu'gthemncytetroplcenvdetetmmntardaf\mctla‘al (NLHXADA-M,
Fig 11b) ar nonfunctional (NIHXADA-GG, Fig 11c) vpu gene showed characteristic
cytopathic effects. These consisted of the farmation of multinucleated giant cells,
ofter. containing 10 or more muclei per cell, and cell lysis. The frequencies and
sizes of these cells were oamparable in the NIHXADA-SM and NIHXADA-GG infected
monocyte cultures. Virus production and cellular degeneration and necrosis were
primarily confined to multimucleated cells. Transmission electron microscopy
examination demonstrated typical budding and mature virions in intracellular
vacuoles that were associated with the plasma membrane, in both the presence and
absence of vpu, but not in the NLHXADA-SK infected cells (Fig 11d). Freeze fracture
scanning electron microscopy demonstrated budding of virion particles from the
plasma memkrane of monocytes infected with virus which lacked a functional vpu (Fig
lle). No virus could be detected in monocytes infected with recambinant clones
lacking both vpr and vpu (data not shown).
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Fig 10.
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FIG. 1. Replication of recombinant HIV-1 clones with both wild-tvpe and mutant vpr genes. (A) The panel of recombinant NLHXADA
clones 1 represented diagrammuancally. The region of the genome corres ponding 1o the HXADA fraements tnucleotides $785 to 84743 1y
expanded to ghlight the relatine posiions of TINB2- and ADA-denv ed sequences. The open readimg frames i this portion of the genome
are represceated above. Recombinant clones were gencrated by reciprocal DNA tragment exchanges of ADA and HXBY denved sequences
nto s Sall B HI tiagment (3755 10 3374 from TN subcloned oo an itermediate shattle vector utilizing the restiction ensvme
sites andicated on tops The resultant chimene Saf/l-BamM) fraegments were then subcloned mito the clone NT2 3 (00 penerate
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recombinant NLHXADA clones. To inactivate vpr, clones were digested with EcoRI (nucleotide 5745), treated with Klenow fragment, and
religated to generate a 4-bp insertion, as previously described (24). The replication levels of these clones in monocytes are summarized to the
right of each clone. Monocytes were infected as previously described (36) by using filtered virus stocks generated by transfection of proviral
DNA onto SW480 cell monolayers, and titers were determined by measuring RT activity. Infections were done at low multiplicities of
infection (10 to 100 tissue culture infective doses per well) with monocytes plated at an initial density of 2 x 10 cells per well. Virus replication
was monitored by serial determinations of RT activity in culture supernatants (25). Peak RT activities (days 26 10 29) are expressed as 107
counts per minute per milliliter. To determine virus rescue, fresh. uninfected PBMCs were added to monocyte cultures at 29 days
postinfection, cocultivated (co-cult) for 2 days, and maintained separately for up to 12 additional days. while RT activity was monitored.
Rescue was scored as positive with two successive RT results that were more than fivefold above background level. (B) The replication
kinetics of representative NLHXADA clones is graphed. Similar results were obtained in three to five replicate experiments.

The SK fragment encoded the entire vpu gene product, 14 amino acids at the
C termini of both the tat and the rev first exons, and the N-terminal 41 amino acids
of env (Fig 12). Although the absence of a vpu initiator methionine codon in HXB2
is the most dbvious difference between the SK partions of HXB2 and ADA, a role far
tat, rev, ar env could not be ruled aut. The env sequences differ at 7 of 41
predicted amino acid positions, not including the nonaligned insertion of 3 residues
and deletiaons of 4 residues in ADA. All but three of these differences are confined
to the signal peptide, which varies by up to 30% between different HIV-1 clanes.
Furthermare, tat and rev both differ at 3 of 14 amino acid positions between the ADA
and HXB2 SK fragments with four of these six changes being conservative in nature.
Therefare, it is unlikely that these alterations in env, tat, or rev alter their
function. However, to farmally determine the specific requirement far vpu during
HIV-] infection of monocytes, the vpu initiator methionine codon of the silent
infection clone NIHXADA-GG (vpr mutant) was restored by site-directed mutagenesis.
The resultant clane was foud to generate virus capable of productive infection of
monocytes (data not shown).

HIV~-1 and related lentiviruses are distinct fram most other retroviruses in
that besides the structiral gag, pol, and env genes caumon to all retroviruses, they
also encode a number of genes whose functions have been shown or are speculated to
be regulatary in nature. In HIV-1, these genes include tat, rev, vif, nef, vpu, and
vpr. While tat, rev, and vif are essential for viral gene expression ar virion

infectivity, the precise role and overall importance of vpr, vpu, and nef are
unclear, since these genes are dispensable far virus infection and replication in

M4+ lymphocytes in vitro. The availability of molecular HIV-1 clanes which infect
and replicate in monocytes at levels oamparable to those observed with many
monocytetropic virus isolates has facilitated investigation of the role that these
viral genes may play in regulating the virus life cycle in monocytes. 1In the
present study, we ocbserved moderately decreased levels of virus replication in the
absence of either vpr ar vpu, whereas in the absence of both genes, virus
replication in monocytes dropped to levels barely at ar below the level of detection
by the RT assay, such that infection of these cells usually could be detected anly
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FI1G. 2. Light, transmission, and freeze fracture scanning electron microscopy of infected monocytes. Light micrographs of toluidine
blue-stained semithin plastic sections showing typical fields of primary monocytes infected by nonmonocytetropic clone NLHXADA-SK (35)
(A) and monocytetropic clones NLHXADA-SM 1B) and NLHXADA-GG (C) are shown (15). The multinucleated giant celis were fewer and
smaller in panel A than in panels B and C. Magnification, x480. Infected adherent cultured cells were carefully washed twice with
phosphate-buffered saline (PBS), fixed in situ with 2% glutaraldehyde (pH 7.2)an PBS. scraped free with o rubber policeman. transferred to
a 15-ml plastic conical tube, and pelleted for 10 min at 600 x g centrifugation. The cells were mixed with warm agar, repelieted in the
Microfuge for 1 min, and refrigerated overnight to form a firm agar block. The cell block was divided into small pieces and processed into
Spurr’s plastic, after osmification and block uranyl acetate staining (15). Sections (1 um thick) were stined with toluidine blue for Jight
microscopy, while thin sections (600 A [60.0 nm]) were stained with uranyl acetate and ead citrate for transpussion electron microscopy. (D)
Transmission electron micrograph of a smull portion of a multinucleated cell from NLHXADA-GG-infected monocytes showing g
cytoplasmic vacuole (lower left) containing immature and mature virions and numerous typical mature particles associated with a streteh of
plasma membrane. Magnification, x34,000. (E) Transmission electron microscopy view of NLHXADA-GG-infected monocytes, stabilized
by formaldehyde fixation before quick-freezing, freeze-drying, and platinum replication (18). Budding from the convoluted surface are severad
50-nm-diameter brightly outlined spherical virus particles. At higher magnification (not shown), these display characteristic surface coats of
gpl20 “*pegs.”
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FIG. 3. Comparison of SK virus replication determinant from HXB2 and ADA. The predicted amino o sequences of v and the

portions of rat, rev, and env which are encoded by nucleotides 5999 1o 63435 (SK fragment) from HXB2 and ADA are aligned by using
single-letter amino acid designations. ldentical residues are indicated within boxes. ) ’ )
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Fig 12.
. . . . . HIV-1
'mevpropenreadlmfraneernodsapmtemof.%am.rnaqummqst.
clones and is conserved in other lentiviruses, including visna-maedl VIrus.

Previcus studies have shown that vpr not.
replication in D4+ lymphocytic cell lines 1n vitro,

to slower replication kinetics and delayed cytopathogemnty in these cells.
recent study involving HIV-2 has shown that vpr 1s

infectimofpﬂdc,‘sard‘lhoelllirmbxtessential

monocytes. The vpr protein as L
virion-associated, and thus it 1s

is not required

far HIV-1 infection ar
although its inactivation led
A
likewise dispensable durmg
far productive infection of

has been demonstrated by radioinmnanecipi'tation to be
speculated to function either late in the virus

life cycle, during particle assembly or maturation, or early,

stages of infectian. 'Ihevmgenee.mod%anSO—BZamunacmprotem. it
bemreportedwheﬂ!erﬂ)evpxproteinisfammvirimpartlclg;. vpu has been
shown to augment virion particle release fram infected cells, without affecting
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levels of viral RNA ar protein synthesis. In the absence of vpu, a higher ratio of
immature to mature particles has bean seen, with a shift in capsid farmation fram
the plasma membrane to intracellular memtranes. In monocytes, however, particle
assembly and release occur both at the plasma membrane and in intracellular vacuoles

the presence or absence of in Fiqg. 1id.
in HIVI Vpu 36 - - 1DALIDRTTEANTSSENES600E ot T LT T S
HIVivpr 1 LIELORPED JGLI-LIERAL EL] LKS$ RLIF ILJLHNLGG SYETYGOTWAGYEATIRLLEJaL LFilTe[T)
HIV2 Vpx 1 MTOPR[JTYPJGNSHEETIGEAFAQRNATY INR R{JL ELIFQY QRSWARY DEQGMSESYTXKYRYLCH KAYYMLIY

O W W o WwWwwo w
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FIG. 4. Predicted amino acid homology between vpr, vpu, and vpx. The predicted amino acid sequence of the NL4-3-derived vprogene is
aligned with homologous regions of the ADA-derived vpu gene and the vpx gene encoded by the HIV-2;,,; clone, with single-letter amino
acid designations. Identical residues are indicated within boxes. Hydrophilicity profiles for the corresponding segments of each protein are
shown at the bottom.

I‘iq. B L

It is intriguing that HIV-2 and SIV lack a vpu open reading frame but instead
carry a gene designated vpx, which encodes a protein of 114-118 amino acids in these
viruses. vpu and vpx ocaupy similar positions in their respective viral genames,
between pol ard env, but have anly distant amino acid hamology. Recently, it has
been suggested that vpx and vpr arocse by duplication from a common progenitar in
HIv-2 and SIV, on the basis of predicted amino acid sequence hamology between the
genes. To investigate the possibility of a similar link between vpr and vpu in HIV-
1, the rredicted amino acid sequences of both vpu and vpx were aigned with that of
vpr. ~lthough less caplelling than the hamology between vpr and vix, a 38%
identity vas observed between vpr and vpu over a 24 residue overlap at the C-
terminus of vpu and the N terminus of vpr (Fig. 12, top). These sequences were
particular rich in acidic residues. Similarity in the hydrophilicity profiles of
these portions of the vpu, vpr, and vpx products was also noted (Fig. 12, bottam).
The striking effect an virus replication levels in monocytes observed anly when both
genes were defective suggests that their gene products may perform similar roles and
thus provide partial functional camplementation. Altermatively, since lower
replication levels were abserved in the absence of either gene, the nearly ocam .ete
atternuation observed in the absence of both may result fram a canpourd effect of the
loss of two relatively impartant but functionally unrelated genes. Maore detailed
studies to determine the precise mechanisms of action of the vpr and vpu gene
products will be required to address these alternatives. In either case, our data
indicate that together, vpr amd a second determinant, vpu, are more impartant far
efficient HIV-1 infection and replication in primary mmnocytes than was observed
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previously in lymphocytes. These adbservations provide a rationale for designing
potential antiviral therapies to block the action of these gene products during HIV-
1 infection of monocytes.

Persistent mfectlmoftlsxemcrqi'\agaplaysanmportantmlemuxe
pathogenic effects of other lartlvuuses, including equ.me infectious anemia virus,
visna-maedi virus, and caprine arthritis-encephalitis virus, providing a sanctuary
for continuous virus replication in the face of a vigorous host immumne response.
The anset of increased virus replication has been carrelated with the onset of
clinical disease manifestations, such as encephalitis, pneumonitis, arthritis, and
hemoloytic anemia. The existence of poarly replicative HIV-1 variants may be
essential for establishment of persistent macrophage infection during the early,
asynptaratlcstageofdlsease Severalstlﬂleshavesx;gstedarelatlasmp
between the in vitro replicative properties of HIV-1 isolates in T lymphocytes and
clinical disease stage, with earlier isolates tending to replicate more slowly amd
to lower levels (“slow,low") than isclates from later stages of disease (“rapid,
high"). Nanessential requlatory genes are ideally suited to act as "molecular
switches" far control of replication phenctypes by their activation ar inactivation,
particularly in viruses such as HIV-1, which characteristically generate high levels
of sequence heterogeity. Wedenu'st::ateherethatdiscretegaxeticalteraticrs in
such accessary genes result in profoundly different replication rates in monocytes
in vitro, which suggests a mechanism far transistion from subclinical to clinical
Jdisease in vivo. These findings thus provide a rationale far addressing on a wider
scale whether functional status of vpr and/ar vpu carrelates with disease stage or
serves as a potential prognostic indicator of disease progression and outcame.

To further test the role of vpu and vpr in monocyte infection, several
additional vpu mutant proviruses have been constructed. These include NIHXADA-SM
and NLHXADA-SK/GG plasmids with a site-directed mitation at the initiator methionine
codon of vpu. In addition, we have constructed NLHXADA-GG, NIHXADA-GP, NLHXYU2-GP,
and NIHXWIC1-GP plasmids in which we have inserted the vpu initiator methionine
codan. Each of these clanes were constructed with or without a frameshift mitation
at the Eco RI site of vpr. Mutations in these plasmids were confirmed by muclectide
sequencing and then assayed for virus replication kinetics on monocytes. In
addition, we used primary lymphocytes infected with these viruses to label with 3H-
leucine and immunoprecipitated with anti-vpu or anti-vpr antiserum. Each of these
mutants confirmed the role of vpr in productive macrophage infection.

To identify the function of vpr and vpu in macrophages, we have constructed a
recanbinant vaccinia virus that expresses vpr, and a recarnbinant vaccinia virus that
expresses the vpu protein together with either the ADA or HXB2 envelope. The latter
strategy was taken in light of the fact that vpu and envelope are expressed fram a
single bicistronic mRNA. Using these expression systems, we found no significant
effect of vpr on env synthesis, processing, stability, cell surface transport, (D4
binding, release, oligamerization, or gpl20 cleavage.
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h) Determine mechanism of action of Vpr in enhancing HIV-1 infectivity and/or
replication in M4 lymphoid cells

The cantract application describes 3-10-fold differences in the ability of HIV-
1 clones with or without vpr to replicate in HTLV-I infected cell lines, MI4 and
MI2. However, the much mare dramatic differences in the presence of vpr in
monocytes, and the particular relevance of monocytes to disease pathogenesis,
suggested to us that much greater emhasis should be placed on examining the
mechanism of action of Vpr in monocytes than in MT4 cells. Thus, the same analyses
descrilndmﬂeorigimlwmctamnmtimforMMoellshﬁi%willstinbe
perfarmed, but these stidies will take a lower priarity to pursuing the much more
exciting monocyte infection studies.

i) Determine effects of Vor on HIV-1 infectivity

In collaboration with Drs Stevensan, Bukrinsky, and Emerman, we found that vor
was critical for preintegration camplex transport to the mucleus in quiescent cells.
In arrested T lymphocytes, neither the muclear localization signal in pl7 Gag ar Vor
was critical for virus replication, hut deletion of both signals arrested virus
replication (Fig 14). Using PCR, we fourd that either signal was critical far the
formation of LIR circle forms of viral INA, a measurement of preintegration
transpart into the micleus (Fig 15). Similarly, in macrophages, alteration of the
muclear localization signal in pl7 Gag or Vpr alane, had a moderate effect an virus
replication, whereas alteration of both signals albrogated replication (Fig 16). PCR
data in monocytes showed very similar results to that adbtained in quiescent T cells
where at least ane of these signals was required for farmation of LIR circles (Fig
17).

ii) Determine effects of on HIV-1 ion

The studies described above suggest that Vpr affects an early step in virus
replication, and therefore the studies ariginally described for this section were
not performed.

We have examined by transmission electron microscopy, monocytes infected
productively ar silently by a rumber of the virus strains described above. No virus
particles were detected in silently infected monocytes, but this is being re-
examined as described above. Thus, either the replication cycle is aborted prior
to the step of virus assembly, ar the level of expression was too low to be detected
by electron microscopy.

iii) Determine if Vpr effects can be camlemented in trans

The effects of Vpr could not be fully camplemented in trans.
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iv) Determine if Vir effects are independent of other requlatory proteins

We have already demonstrated a potential interaction between vpr, vpu, and vpx.
Matant strains or Hiv-2 were coiwstiuctad to examine if vpr and vpw affects are
independent.

v) Determine the structure-function relationships of Vor

Several additional vpr mutants have been constructedin regions oconserved
between HIV-1, HIV-2, and SIVmac. Mutants in the basic amino acid rich region of
Vpr have been constructed to examine the role of this region in nuclear localization
and virion packaging.

i) Determine the role of Vpr in vivo with appropriate model systems

We have initiated stidies in scid/l mice with constructs NIHX, NTHXADA-GG, and
NIHXADA-GG vpr mutant in collabaration with R. Markham (Johns Hopkins). The first
experiment showed successful replication and recovery from inoculated mice with each
virus. Quantitative assays are now developed using in situ hylridization and PCR
and will be applied in additional in vivo experiments of this type.

We have deferred wark in the rabbit model system as advised by our
collabarators, Drs. Tam Folks and Michael lairmore (CDC and Ghio State University),

stidies of vpr mutants in SIVmac239 are already underway in Dr. Desrosiers
group at the New England Primate Research Center.

j) Determine the role of Vpr in modulating disease in HIV-1 infected humans

In collabaration with Dr. Richard Markham (Johns Hopkins), we have abtained
samples from seven patients followed over the course of several years with three
PEMC samples fram each patient at times when the (D4>1000, (D4=250-750, and (D4<250,
for this study. However, insufficient funds were available to camplete this task,
in light of the bhudgetary cuts that were imposed in the last six months of the
project.
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2. To determine the function of viral protein X (Vox)

a) To assess the effects of Vpx on replication cytopathicity of HIV-2 in T lymphoid
and_monocytoid cells

1) To determine effects of Vpx on site of virus assembly in the cell

We have utilized immumnogold electron microscopy to examine Vpx incorporation
into virus particles. No detectable gold particles were fourd on virions generated
fram vpx mutant HIV-2 virus, MX, and vpx/vpr dauble mutant, MR/MX (Fig. 18). As
with Vpr expression, intracellular particles were relatively depleted of Vpx
carpared to extracellular particles. Background gold labeling in cellular sites was
too high to determine the localization of free vpx in the cell. Vpx had no effect
on the site of virus assembly in PBIs ar CEM cells. Preliminary immmoflucrescence
studies demonstrated that most vpx in the infected cells ar in transfected cells was

cytosolic.
ii) To determine the cellular localization of Vpx in HIV-2 infected cells

iii) To determine if there are co~ ar post-translational modifications of Vpx
No co~ ar post-translational modification of Vpx were identified.

d) To_assess whether Vi proviral mutants can be camplemented in trans by a a Vpx
expression clone

Viex could not be fully camplemented in trans.

e) To determine struchure-function relationships of Vpx

To examine Vpx binding to HIV-2 RA, as noted previously, we have cloned HIV-2
vpx and vpr genes into PIM3 expression vectors to allow expression in reticulocyte
lysates and in VIF7-3 infected BSC40 cells, and into pMON wvectors far E. ooli
expression. Northwestern blots with the reticulocyte lysate expressed and vaccinia
virus expressed Vpx proteins failed to demonstrate specific binding to viral RAQ,
hut the amounts of protein expressed in these systems was quite low. Northwestern
blot coditions have been established with the E. coli expressed proteins. 2As a
cantrol, we have shown that pMON expressed HIV-1 gag binds specifically HIV-1 RNA.
We have therefore prepared blots with HIV-2 gag p55 and vpx proteins to examine
binding to the HIV-2 RWs that have been prepared.

31




Mechanisms of Cytotoxicity of the AIDS Virus Contract No. DAMD17-90-C-0125

P-Iug m mm’ M-D.' moDc

Basic

Fig 5. immunogold electron microscopic localization of VPX. PBMCs were infectad for 14 days with a-d ES,
e) MR, or f) MX viruses. a and b) VPX gold complexes in ES infected cells in extracellular vinons
Magnification x 82,000, 1 cm bar = 0.122 um. ¢} VPX gold complexes in £S infected cells in intraceliular
virions, Magnification x 13,900, 1 ¢cm bar = 0.72 um. d) VPX gold complexes in ES infected cells in
intracellular virions (higher power view of c), Magnification x 78,000, 1 cm bar = 0.128 um. e} VPX gold
complexas in MR infected cells and extracellular virions, Magnification x 79,000, 1 cm bar = 0.127 um.
VPX gold complexes (a5 nm, double arrowhead} in MX infacted celis and extracellular wirions, and GAG p24
gold complexes (5 nm, single arrow) shown for comparison, Magnification x 38,000, 1 cm bar - 0 263 um
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To assess the requirements far vpx packaging in virians, we have expressed vpx

with a vaccinia virus expression system, in the presence ar absence of gag. We
foud that pS5 gag is sufficient faor vpx packaging, and pol proteins, virion RA@,
and proteolytic cleavage of gag was not required for vpx incorparation into virus

particles (Fig 19). Moreover, we fourd that anti-vpx antiserum was capable of
ooprecipitating p27 capsid with vpx (Fig 19). The vpx-CA camplex was resistant to

boiling in 4% SDS, suggesting a covalent camplex. However, the camplex was
dissociated by treatment with mercaptoethanol ar DIT, suggesting a disulfide bond.
Treatment of virions with iodacetamide prior to processing did not affect camplex
fomatlm,suggstjn;thatthisismtanartifactoaxrrin;during
immmoprecipitation, but rather fams during virus particle assembly. Neither Ma,
NC, or p6 were involved in the vpx-CA camplex.

A Cell-Associated Proteins B Cell Supcmatant-Associated Proteins C Cell Supernatant-Associated Proteins
PTH)  pIMX_ pIMGP2 pTMX/ pIMY PIHMX  PIMGP2 pTMX/
pTMX + oTM3 @IMGP2 gIMG2 eIMGPI2
DIMGP2 PIMGP2
X 6 X G X G X 6 X 6 X G X G Antibody X 6 X 6 X G X G Anibody
1 2 3 4 S 6 7 8 M 9 10 11 12 13 14 1516 M Lane 17 18 19 20 21 22 23 24 Lae

- PS5

- p27

-p16

Fi1G. 1. Association of recombinant vaccinia virus expressed VPX with GAG p27. BSC40 cells were cotransfected 1 hr after infection with
VTF7-3 with 20 ug of pTM3 (lanes 1, 2, 8, 10), pTMX (lanes 3,4, 11, 12, 17, 18}, pTMGP2 {lanes 5, 6, 13, 14), pTMX and pTMGP2 {lanes 7, 8, 15,
16, 19, 20), pTMX and pTMG2 (lanes 21, 22), or p TMX and pTMGPr2 (lanes 23, 24). The calcium phosphate precipitation method was used for
transfection for (A) and (B) and the lipofectin transfection method for (C), and equivalent amounts of DNA were transfected in each case (with the
addition of pTM3). After 3 hr of cultiva*ion in DMEM supplemented with 10% fetal calf serum, 50 w/mi penicittin, and 50 xg/ml streptomycin the
cells were placed in medium lacking methionine and cysteine, and labeled for 16 hr with 100 xCiy/m! Trans[3$S)label (ICN). Samples of condi-
tioned medium (lanes 9-24) were cleared of cellular debris by centrifugation at 100Q rpm for 5 min and then 0.1 vol of 10X lysis bufier was
added. Cells were washed with PBS and then PBS was added to the plates during scraping with a rubber policeman. 0.1 vol of 10X lysis buffer
was added and the cells were vortexed at 4° for 1 min. Nuclei were removed by centrifugation at 2000 rpm for 10 min. Immunoprecipitation was
performed with a rabbit anti-Vpx antiserum (odd-numbered lanes) or a8 mouse monoclonal anti-HIV-2 GAG antiserum (even-numbered lanes;
provided by Dr. Paul Yoshihara through the NIH AIDS Reagent Repository). Immunoprecipitates were washed with 1X lysis buffer three times
and then 30 ul of 2X sample buffer was added. Samples were treated at 100° for 5 min and analyzed on 12% PAGE. Molecuiar weight markers
are indicated (M) and the sizes are hsted on the nght of the figure in kDa.

Fig 19.
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We found that HIV-1 virions were inefficient at imorporatia{ of vpx (Fg'.g 20).
Therefore, we have constructed several HIV-1/2 Gag chimeric proteins to define the
critical damain required far vpx incorporation. A construct with only the CA coding
sequence of HIV-2 in place of that of HIV-1 CA coding sequence is capable of vpx

required for vpx packaging, as well as site-directed mutants in CA.
Conditioned Media
—DTM3  _ pTMX  pTMGPl PIMGP2 EBTMGL pPTMX/ PTMX/ pTMX/ Plasmid
DTMGP1 PIMGP2 PTMGL
Gl G2 X Gl G2 X Gl X G2 X G1I X Gl X G2 X GI X Antiserum
M 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 M Lane
/ PR - 69 kDa
5 - pss
-45
i
-30kDa

-22kDa

- plé

- 14 kDa

FiG. 4. Specificity of VPX for association with HIV-2 GAG but not HIV-1 GAG protein. BSC40 cells were transfected with pTM3 (lanes 1-3),
PTMX (lanes 4-6), pTMGP1 (tanes 7, 8), pTMGP2 (lanes 9, 10). pPTMG1 (lanes 11, 12}, pTMX and pTMGP1 (lanes 13, 14), pTMX and pTMGP2
(lanes 15, 16), or pTMX and pTMGH (lanes 17, 18). Celis were transfected with equivalent amounts of DNA and labeled with Trans[**S]iabel, as
described in Fig. 1 legend. Samples of conditioned media were immunoprecipitated with an anti-HIV-1 GAG antiserum (lanes 1, 4, 7, 1 1,13,17;
produced in rabbits with a recombinant protein provided by the NIH AIDS Reagent Repository through American Biotech), the anti-HI\'-2 p24
antiserum (lanes 2, 5, 9, 15), or the anti-VPX antiserum (lanes 3, 6, 8, 10, 12, 14, 16, 18). Samples were electrophoresed on SDS-PAGE and
molecular weight standards (M) are shown on the right.

Fig 20.
Wehavealsooustrwteddeletimmxtartsofvp(toemmheﬂgcritiml
damains required for incorparation into virions. These include deletion of the

proline tail which was not essential for vpx moorpoxatlm We have a]sodeleted
the cys-his damain as well as the amphipathic helix, alone oar in cambination with
each other or the proline tail deletion. Simeseveralofﬂnseccnstcu:ts‘had
reduced reactivity with the anti-vpx antiserum, they were tagged at the N-terminsu
with a hemagglutinin epitope, which neither altered vpx conformation ar packaging
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In addition, mutation of each of the three cysteine residues in vpx was
perfarmed alane ar in cambination to examine their role in vpx activity, and camplex
farmation with CA.

f) To assess effects of Vpx on replication and cytopathicity of SIV in T lymphoid
and monocytoid cells

We have focused our initial work on the HIV-2 Vpx protein. We have fourd that
mrbatlcnofvpcmlﬁv-zleadsboadecreaseml-lIV-zmphmtlmmPBlsarrl
Hela/T4 ~ells, partlc:ﬂarly at low multiplicities of infection. Minimal or no
effects were fourd in CEM cells.

To further define the nature of the vpx defect in PEIs versus CEM cells was
examined. For this purpose, we used PCR stidies similar to those described above
for vor. In addition, studies were carried out in Hela/T4/beta-galactosidase
indicator cells.

g) To assess the role of Vpx in vivo with animal model systems

Animal model studies awaited initial data with the HIV-1 viruses in scid/hu
mice (see 1.i.) and the initial data with the HIV-2 virus studies outlined in this
section. Insufficient funds were available to camplete this task, due to severe
budgetary cuts in the last six months of the project.
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3. To determine the ion and mechanism of action of tive factor
a) To determine relative effects of HIV-1 Nef on viral transcription tion

and rmuclear—cytoplasmic transport

We have demonstrated that HIV-1 and SIVmac Nef affect viral transcription but
not degradation aor processing of viral transcripts. This wark was reported in the
fustyearsamualreportardmmrnamscnpt (Niederman, Hu, Ratner, Simian
immunodeficiency virus negative factor (NEF) suppresses viral mRNA accumulation in
Q0S cells. J. Virol. 65:3538-3546, 1991).

We have discussed the controversy concerning these results in a recent review
by Niederman and Ratner, Functional analysis of HIV-1 and SIV nef proteins. Research
in Virology 143:43-46, 1992. We found that the multiplicity of infection was
critically impartant in assessing the effects of Nef in virus replication studies.
It appeared reasonable to assess the relevance of the moi considering the relatively
moderate effects of Nef campared to the effects of Tat ar Rev. The hypothesis is
that at relatively high moi, subtle effects of Nef may be masked due to an overload
of viral DNA templates. That is, Nef may require a limited pool of cellular factars
in order to maintain transcriptional suppression. Once a cascade of virus
replication has ocarred, ard high-titer virus results, it may be impossible for Nef
to reverse ar even halt the cascade.

To assess the effect of the moi an Nef's suppressive capacity we campared the
replication of Nef+ and Nef- viruses in lymphoid cells under corditions of varied
moi. We found that at relatively high moi, replication of the Nef+ and Nef- viruses
was indistinguishable as measured by reverse transcriptase activity. However, upon
serial 10-fold dilutions of the initial virus inoculum, the replication of the Nef+
virus was significantly inhibited (up to 25-fold) in several T-cell lines campared
to its Nef- counterpart. In addition to generating lower lewvels of reverse
transcriptase activity, the Nef+ viruses lagged by 4-8 days in camparison to the
Nef- virus with regards to detection of reverse transcriptase activity. This lag
period may represent an in vitro farm of latency. Similar experiments were carried
aut in macrophages. Recently other investigators campared the replicative
capacities of SIV Nef+ versus Nef- viruses. They also found Nef-mediated
suppression to be dependent upon low moi conditions and also observed a lag period
for viral growth in the presence of Nef. Finally, there are other exanples
demonstrating the relevance of the moi when determining the function of other HIV-
gene products, including Vpr and Vpx.

Other factors contributing to the differences cbserved between our laboratory
ard that of Kim and cowarkers may involve different modes of virus transmission.
In our system, Jurkat cells were cocultivated with Q0S cells which were constantly
shedding extrenely low concentrations of virus, too low to be detected by reverse
transcriptase activity. Viral transmission may be either through cell-to—cell
contact or via cell-free virus. In oontrast, Kim and colleaques used virus derived
fram lymphocytes and adjusted the level of the virus inocula based on measurable
reverse transcriptase activity; additionally, there are several amino acid

36




Mechanisms of Cytotoxicity of the AIDS Virus Contract No. DAMD17-90~C-0125
P.I.: Lee Ratner, M.D., Ph.D. Basic

differences between of our nef allele and that of Kim et al, and it is interesting
to note that the Nef proteins differed with respect to the mobilities an SDS PAGE.

b) To characterize Nef responsive sequences

Stimilation of T cells by T-cell-specific stimuli (e.g. antigen and antibody
to (D2 ar (D3) ar nanspecific mitogens (e.g. phytohemagglutirir PHA] and phorbol
12-myristate 13-acetate {PMA]) results in the inductian of the INA binding activity
of the host transcription factor, NF-kB. The NF-kB family of proteins normally
regulates the expression of genes involved in T-cell activation and proliferatian,
such as interleukin 2 (II~2) and the alpha sulunit of the IL~2 receptar. The human
immunodeficiency virus type 1 (HIV-1) pramoter possesses two adjacent NF-kKB-binding
sites, which allows the virus to subvert the normal activity of NF-kKB to enhance its
own replication.

Previous wark suggests that the HIV-1-encoded Nef protein serves as a negative
regulator of HIV~-1 replication. Furthermore, we and others have found that Nef may
suppress both HIV-1 and II~2 transcription. To investigate whether Nef affects the
DNA binding activity of NF-kB or other transcription factars implicated in HIV-1
regulation, we used the human T-cell lines stably transfected with the nef gene.
Jurkat (J25) human T-cell clane 133 oonstitutively exqresses the NI4A-3 nef gene.
22F6 cells represent another antibictic-resistant clone of J24 cells; however, these
cells do not cantain nef sequences ard do not express Nef. Additionally, we used
oligoclonal Jurkat E6~1 and HPB-ALL cells expressing the SF2 nef gene either in the
carrect orientation (Jurkat/LnefSN and HPB-ALL/LnefSNS1 cells) or in the reverse
arientation (Jurkat/LfenSN and HPB-ALL/LfenSN cells) with respect to the Moloney
mrine leukemia virus pramoter. These cells represent a mixed population of cells
expressing Nef to various degrees and were 'r;ad to exclude the possibility that
clonal selection accounts for Nef effects ok=>red in the J25 clones.

To determine the impact of T-cell activation on the expression of Nef, the
hmman T-cell lines were stimulated with PHA and PMA. Cells were maintained in
logarithimic growth in RPMI 1640 medium supplemented with 10% fetal bovine seruma
and 2 mM glutamine. J25 and Jurkat E6-1 cells (5 x 10°) and HPB-ALL cells (1.5 x
10') were either not stimilated ar stimulated with 13 ug of PHA-P (Sigma) ard 75 ng
of PMA (Sigma) per ml far 4 h. The cells were lysed in RIPA buffer, and lysates
were immunoprecipitated with rabbit polyclonal anti-Nef sera. The immunoprecipiates
were subjected to SDS-PAGE (12% polyacrylamide), and the proteins were transferred
to nitrocellulose far Western blot analysis. The primary antibody was the rabbit
anti-Nef-serum, and the secondary antibody was alkaline phosphatase—conjugated goat
anti-rabbit immmoglobulin, sepcific far the heavy chain (Pramega). The proteins
were visualized by ocolar development with nitroblue tetrazolium and S-tromo-4-
chlaro-3-indoylphosphate toluidinium (Pramega). Band intensity was determined by
laser densitametry scanning of the Western blot and was in the linear rarge of
analysis as established by a standard curve. Jurkat E6~1 cells weree obtained fram
the AIDS Repository, American Type Qulture Oollection (Arthur Weiss), and were
stably transduced with the SF2 nef gene as previously described.
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FIG. 1. Immunoblot analysis of the HIV-1 Nef protein in stably
transfected and transduced human T-cell lines. Cell lysates were
immunoprecipitated with rabbit anti-Nef polyclonal serum, electro-
phoresed, transferred to nitrocellulose, and immunoblotted with the
same anti-Nef serum. The cells were either unstimulated (—) or
stimulated (+) with PHA and PMA before cell harvesting. Pres-
tained protein size markers are indicated on the left in kilodaltons.
Nef protein in the 133 cells (21) was expressed from the nef gene of
isolate pNLA432 and had an apparent molecular mass of 27 kDa,
whereas the Nef proteins expressed in the Jurkat E6-1 and HPB-
ALL cells were encoded by the nef gene of isolate SF2 and
demonstrated an apparent molecular mass of 29 kDa. Immunoglob-
ulin G (1gG) heavy chain, which was present in the antiserurn: used
for the immunoprecipitation step, is indicated at the right.

Fig 21

Immunoblot analysis with anti-Nef antibodies showed that stimulation caused a
two- to threefold increase in Nef expression in clone 133 cells (Fig. 21). This
increase was proably due to the inducibility of the chimeric simian virus 40 (SV40) -
human T-cell leukemia virus type I pramoter used to direct Nef expression. However,
Nef expression was not induced in the Jurkat E6-1 or HPB-ALLL cells (Fig. 21). The
level of Nef expressed in these cells is camparable to the amount of Nef generated
by HIV-1 in productively infected CIM human T cells (data not shown). The
difference in the apparent molecular weight of the Nef produced in clane 133 cells
and those produced in the Jurkat/LnefSN and HPB-AIL/LnefSNS1 cells is due to the
presence of an alanine at amino acid position 54 in the NI4-3 nef gene campared with
the presence of an aspartic acid at that position in the SF2 nef gene. The amourt
of lysate equivalents loaded in the HPB-ALL/LnefSNS1 lanes was threefold higher than
that of the Jurkat/ILnefSN lanes. Nevertheless, the amount of Nef expressed in the
HPB-ALL/InefSNS1 cells was approximately fourfold higher than the amount produced
in the Jurakt/LnefSN cells (Fig. 21). Nef did not appear to be toxic in that Nef-

38




Mechanisms of Cytotoxicity of the AIDS Virus Contract No. DAMD17-90-C-0125
P.X.: lee Ratner, M.D., Ph.D. Basic

producing cells exhibited the same doubling time and marphology as the control
cells

Gel shift assays were perfarmed with muiclear extracts prepared fram stimilated
and unstimilated cells. Nuclear extracts were prepared fram 5 x 10’ cells with a
modified version of the method of Dignam and colleagues as adapted by Montminy and
Bilezikjian. Following ammonium sulfate precipitation, muclear proteins were
resuspended in a 100 ul solution containing 20 mM HEPES (N-2-hydroxyethylpiperazine—
N'-2-ethanesulfonic acid, pH 7.9), 20 mM KC1, 1 mM MgCl,, 2 mM DIT, and 17% glycerol
with the addition of 10 mM NaF, 0.1 mM sodium vanadate, and 50 nM beta-glycerol-
phosphate. Cytoplasmic extracts consisted of the supermatant resulting fram the
lysis of cells in hypotonic lysis solution, douncing, and low-speed centrifgugation
to pellet miclei. Binding reaction mixtures contained 2 ul (2 ug) of muclear
extract (Fig. 22a through d) ar 6 ul (7 ug) of cytoplasmic extract (Fig. 22e), 2 ug
of poly(dI-dC) (Pharmacia), 100-fold molar excess of unlabeled NF—XB mutant
oliganxcleitde (ACAACTCACTTTOOGCIGCTCACTITOCACGGA) , and 20,000 cpm of end-labeled
oliganuclectide probe in INA binding buffer in a final volume of 22 ul. Reactions
were performed at 3¢° C far 25 min, immediately loaded on a 4.5% polyacrylamide gel
with 0.5 X Tris-borate-FDTA, and v~un at 200 V. Oligomcleitdes used were as
follows: NF-KB, ACAAGGGACTTTOOGCIGGGACTTTOCAGGGA; SP-1, CAGGGAGGOGIGGOCTGG~
GOGGGACTGGGGAGTGGOGTCC.  All INA probes were gel purified and end labeled with
gamma-32P-ATP. The intensity of the indicated bands was determined by laser
densitametry and by measuring the radioactivity of excised bands in a liguid
scintillation counter. There was a linear relationship between the amount of
extract used and INA~-binding activity (data not shown). There was no NF-kB DNA
binding activity with the cytoplasmic extracts in the absence of deoxycholic acid
(data not shown). Protein concentration was determined with the Bradfard reagent
(Biorad) with bovine serum allumin as a standard. Nuclear extract preparations and
binding reactions were repeated on three separate occasions with similar results.

The induction of NF-kB activity in stimulated 133 cells was suppressed 5-7-fold
campared with that of the 22F6 cells. This inhibition was evident 40 min poststimu-
lation and was sustained throughout the 4 h stimulation period (Fig. 22a). J25
clone 22D8 cells represent a distinct clanal cell line, which, like the 133 cells,
also stably express Nef. NF-KB induction was suppressed 4-5-fold in the 22D8 cells
campared with that of the 22F6 cells (Fig. 22b). NF-kB suppression was more pro-
found in the 133 cells than in the 22D8 cells, which carrelates with the observation
that Nef expression was higher in the 133 cells. Similar to the Nef-expressing J25
clones, Nef inhibited NF-KB inductiaon 3-4-fold in the JurkatlnefSN and HPB-ALL/Lnef-
SNS1 cells campared with their non-Nef-expressing counterparts (Fig. 22c and d).
Nef-mediated NF-KB suppressian was more profound in the Jurkat/ILnefN cells than in
the HPB-ALL/LnefSNS1 cells, even though the HPB-ALL/LnefSNS1 cells expressed several
fold higher levels of Nef. This resuit is likely due to the biological differences
that exist between ihe two cell lines. That is, Jurkat cells may be more sensitive
to the effects of Nef than HPB-ALL cells because of differential expressiaon of pro—
teins involved in signal transduction. That Nef-mediated NF-kB suppression in the
133 and 22D8 cells was greater than in the Jurkat/LnefSN amd HPB-aLlL/ILnefSNS1 cells
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may be due to the expression of a different nef allele in the 133 and 22D8 cells.
Altermatively, this result could be due to the fact that every cell in the cultwre
of 133 and 22D8 cells produced a relatively high level of Nef, whereas the
Jurkat/LnefSN and HPB~ALL/LnefSNS1 cells represent a mixed population of cells
expressing low and high levels of Nef or no Nef at all.
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FIG. 2. Gel shift analysis of NF-«B activity in nuclear extracts prepared from J25 (a and b), Jurkat E6-1 (¢}, or HPB-ALL (d) cells. (a)

22F6 and 133 cells were stimulated with PHA (13 pg/ml) and PMA (75 ng/ml) for 0, 40, 80, 120, or 240 min: 22F6 and 22DS (b), Jurkat E6-1

(c), or HPB-ALL {d) cells were not stimulated (0) or were stimulated with PHA and PMA as described above for 4 h (4). DNA probes used

. for binding are specified on the top of each panel. (¢) Cytoplasmic protein extracts (7 pg each) from the indicated cells were incubated with
Fi1g 22 1he NF«B DNA probe as described in the text, in the presence of 0.6% deoxyvcholic acid (Sigma). N, S, and P, NF-«B-specific binding.
SP-1-specific binding, and free probe, respectively. SP-1 binding served as a control for extract quality and specificity of Nef effects. Cold

indicates that 100-fold molar excess of unlabeled DNA was added for competition. ns, nonspecific binding. Data represent at least three
independent experiments. )
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NF-XB activity in muclei from unstimilated cells was extremely low hut
detectable, and no differences between the Nef-expressing and control cells were
cbserved (data not shown). Additionally, when cytoplasmic extracts from
unstimilated cells were treated with deoxycholic acid (which releases NF-kB fram its
cytoplasmic inhibitor IKB), they exhibited NF-kB activity indeperndent of Nef
expression (Fig. 22e). Finally, that Nef suppressed the level of NF-kB induction
after only 40 min of stimilation suggests that Nef does not suppress pl10 ar p65 NF-
XB mRNA expression. These dbservations indicate that Nef affects the recruitment
and not the cytoplasmic concertration of NF-kB. The binding of SP-1 was independent
ofNefexpr&samadstumlatlm,ardtheMOfSP-lpznbeusedmﬂmegel
shift assays was not limited (Fig. 22a through e). In addition, no differences in
binding to NFAT-, USF~, and URS-specific probes between 22F6 and 133 cells were
observed (data not shown). These data suggest that Nef specifically inhibited the
induction of NF-kB activity.

To further demonstrate Nef's suppressive effect on NF-kB recruitment, 22F6
cells were transiently transfected with DNA plasmids expressing Nef fram the SV40
early pramoter, pSVF/N, or the cytamegalovirus immediate-early pramoter, pMVF/N.
or with plasmids containing frameshift mutations in the nef gene (pSVF/N amd
POMNVF/Nfs, respectively). Nuclear extract greparatlm and DNA binding reactions
were as described above. 22F6 cells (2 x 10') (Fig. 23a) were transfected with 30
ug of the indicated plasmid INA by using DEAE-dextran. Briefly, cells (10') were
incubated with plasmid DNA susperded in a solution containing 10 ml of serum-free
RPMI 1640, 0.25 M Tris, pH 7.3, and 125 ug of DEAE-dextran (Sigma) per ml at 37°C
far 40 min. Following centrifugation at 2,000 x g far 7 min., the cells were
maintained in growth medium for 60 h prior to stimulation and cell harvesting.
Plasmid pSVF/N is similar to plasmid pSVF, except that HIV-1 nucleotides 8994-9213
(indlcuing the NF-kKB recognition sites) and 3' flanking cellular sequences were
deleted. Plasmid pSVF/N was digested at the unique Bgl II site at codon 88 of the
nef gene, the sticky ends were filled in with the Klenow fragment of DNA polymerase
I, and the plasmid was reliqated with T4 DNA ligase. This plasmid was called
PSVF/Nfs to indicate the imtroduction of a frameshift in the nef gene. The Bam HI
fragment fraa pSVF/N and pSVF/Nfs, which includes the entire length of the HIV-1
sequences presernt in these clones was inserted into the vector pCB6 in the carrect
and incorrect orientation with respect to the cytamegalovirus immediate-early
pramoter to generate pOMVF/N and pOMVF/Nfs, respectively. Cells transfected with
plasmids pSVF/N and pOMVF/N express Nef protein, but cells transfected with pSVF/Nfs
and pOMVF/Nfs do not, as determined by Western blot and immmnoprecipitation analysis
(data not shown). Transfection efficiency was determined by cotransfection with 2
ug of pSV2-CAT. Chlaramphenicol acetyltransferase (CAT) activity (reported as the
percent conversion to acetylated products) was determined as described below, and
the values far the pSVF/N fs—0-, pSVF/N fs-4-, pSVF/N-4-, pOWF/N fs—4-, ard
POMVF/N-4-transfected cells were 51, 60, 61, 58, and 61%, respectively. A USF-
specific INA probe (correspanding to mxcleotldes -159 to -173 of the HIV-1 long
terminal repeat, GOOGCTAGCATTTCATCAOGTGGOOOGAGAGCIGC) was used as a cantrol for the
specificity of Nef effects and extract integrity. Ionamycin (Sigma) (Fig. 22b) was
used at a concentration of 2 uM. Anti-p50, anti-p65, anti-v-rel and prebleed sera
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(Fig. 23c) were kindly provided by Mark Hannik (University of Missouri, Columbia,
Mo). Because the gels in Fig. 23a and b and Fig. 22 were run for a shorter length
of time, the two bards indicated in Fig. 23c appear as one band in Fig. 23a and b,
and Fig. 22.
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FIG. 3. Gelshift analysis of nuclear extracts prepared from 22F6
cells (a) transiently transfected with the indicated DNA plasmids
that were not stimulated (0) or were stimulated for 4 h (4) with

< PHA-P and PMA and 22F6 and 133 cells (b) stimulated for 4 h with

Z PHA-P (H), PMA (M}, or ionomycin (I) (2 uM) or combinations of

C = any two mitogens. N, U, S, and P, NF-xB-specific binding, USF-
:i: 2 E ] % specific binding, SP-1-specific binding, and free probe, respectively.

2 foiogi 1 § s (c) Nuclear extract 22F6 H+M from pane' b was preincubated with
8 EE E 8% the specified antiserum for 15 min before the NF-«B DNA probe

was added. NF-xB p65-p50 heterodimer- and p50-p50 homodimer-
DNA complexes and supershifted heterodimer- and homodimer-
DNA-antibody complexes are indicated at the right. Data represent
T super shit at least three independent experiments.
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Fig 23.

NF-kB induction was oonsistently inhibited at least two-fold in cells
transfected with either pSVF/N ar pOMVF/N campared with cells transfected with their
nef muitant counterparts (Fig. 23a). Transfection efficiencies in these experiments
were determined by cotransfecting cells with the pSV2-CAT plasmid and measuring CAT
activity. No significant differences in transfection efficiency between the nef-
expressing and the nef mutant plasmids were abserved (Fig. 23a). The suppressive
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effect of Nef in these transiently transfected cells was not as dramatic as the
effects abserved in the stably transfected and transduced cells. The mare subtle
effect of Nef in this experiment may be due to the expression of a nef allele which
was derived fram an HIV-1 isolate distinct fram either the NIA3 or the SF2 isolates.
In addition, cells which did not receive the nef expression plasmid during the
transient-transfection process were not eliminated (by antibiotic selection) fram
the total cell population.

To explore the relative cantributions of individual mitogens to the recruitment
of Nef-inhibitible camplexes, cells were stimilated with either PHA, PMA, or
ionamycin alone, or in ocambination. The maximal induction of NF-kKB activity
ocarred when PHA was cambined with PMA (Fig. 23b). This result coupled with the
cbservation that PHA mimics the effects of the natiral ligand far the T-cell
receptar (TCR) camplex suggests that Nef may inhibit signal transduction emanating
fram the TCR camplex. The addition of the Ca&* ionophare, ionamycin, when coupled
mﬂxmtz'eamentpartlallymbstlmted fortheahserneofHIAmﬂumspecttom:‘—
XB induction (Fig. 22b). However, ionamycin treatment did not significantly reduce
Nef's inhibitary effects, suggesting that events other than C2* mobilization may
be disrupted by Nef. Using antibodies against the p50 and p65 NF-kB subunits, we
found that Nef-inhibitible camplexes included both pS0-p50 hamodimers and pS0-p65~
heterodimers (Fig. 23c).

To determine whether Nef-mediated inhibition of NF-kB bimding activity
correlated with a decrease in transcriptional activity, cells were transfected with
DNA plasmids by using the HIV-1 long terminal repeat to direct expression of a
heterologous gene product, CAT. Jurkat cells were transfected, as described above,
with 15 ug of the CAT constructs indicated in Fig. 24. Following tranfection, the
cells were maintained in growth medium far 24 h. Cells were ar were not treated
with PHA-P (13 ug/ml) and PMA (75 ng/ml) and incubated for an additional 18 h. Cell
extracts were prepared, and CAT activity was assessed by standard methods. Extract
equivalent to 3 x 10° cells was used for each 18 h reaction. CAT activity was in
the linear range of analysis with respect to extract amount and incubation time
(data not shown). CAT assays were normalized to a noninducible control plasmid,
RSV-CAT (2 ug), which was transfected in parallel with the HIV-1-CAT plasmids as
described above. Assays were also normalized to protein concentrations as
determined by Bradfard reagent analysis (Biorad). The amourt of CAT activity was
quantitated by excising the spots corresponding to the unacetylated and acetylated
farms of 14C—chloramphenicol and measuring radicactivity in a liquid scintillation
counter. CAT activity is expressed as the percent of radicactivity in the
acetylated farms campared with the sum of that of the acetylated and unacetylated
forms. The wild~type HIV-1-CAT (CD12-CAT) was derived by a small deletion in the
nef ooding sequence upstream of the lang terminal repeat start site of clone C15-
CAT) , mutant NF-KB HIV-CAT and I1~2-CAT plasmids were generously provided by Steven
Jospehs, Gary Nabel, and Gerald Crabtree, respectively. DeltaNRE-HIV-1-CAT was
generated by excising the Ava I-Ava I fragment fram HIV-1-CAT and therefore lacks

the negative regulatory element sequences present in HIV-1-CAT.
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FIG. 4. CAT assays of extracts from celis transiently transfected
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E6-1 (b) cells were transfected with the CAT constructs as indicated
above each panel. Cells were not induced () or were induced (+)
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unacetylated {**C]chloramphenicol (CM) to monoacetylated forms
(AC). These data represent at least three independent experiments.
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CAT activity correlated well with DNA-binding activity in that 133 cells
exhibited a capacity to induce CAT activity that was fivefold less than that of 22F6
cells (Fig. 24a). Similarly, CAT activity induction was suppressed twofold in the
Jurkat/ILnefSN cells compared with that in the Jurkat/LfensN cells (Fig. 24b). This
inhibition was demonstrated with both wild type HIV-1-CAT and the negative
requlatory element deletion clone, deltaNRE-HIV-1-CAT, which lacks nuclectides —453
to -156 of the HIV-1 lang terminal repeat (Fig. 24a and b). This result suggests
ﬂntragamvemgulatmyelanatsequamsammt;rlmrytargetsofmfreguhum
in stimilated T cells. An HIV-1-CAT plasmid containing mitated NF-kB sequences was
induced, at most, only twofold above basal levels, and induction was independent of
cell type ard Nef expression (Fig. 24a and b).

The importance of NF-KB with respect to the induction of II~2 by T-cell
mitogens was demonstrated by Hoyos and colleagues. These authars showed that the
Mmofmmntymspmvmteduptom%mﬂlm-zmmtsbearng
mtations in the NF-KB site campared with that of IL~2-CAT constructs containing
wild-type NF-kKB recognition sequences. As previously reparted, we found that Nef
profoundly suppressed the induction of CAT activity directed by the IL~2-CAT plasmid
in the 133 cells (Fig. 24a). Where there was a 50— to 60-fold induction of CAT
activity in the 22F6 cells, there was anly a 2- to 3-fold induction in the 133 cells
(Fig. 24a). Although NF-XB appears to play an important role in II~2 induction, it
mpossmleﬂatblefblodsoﬂerfactorsmaddlUmmm‘-kBmld\mybemqmred
fo the efficient induction of II~2 gere expression. This possibility may explain
the Jramatic suppressive effect of Nef on II~2 induction campared with the results
of Hoyos and oolleagues. CAT activity cenerated by the IL-2-CAT construct was
induced to a much lower extent in the Jurkat E6~1 cells. This result is likely due
to differences that exist between Jurkat E6-1 and J25 cells. Despite the low level
of induction of the II~2 pramoter in the Jurkat E6~1 cells, CAT activity was higher
in the Jurkat/LfenSN cells than in the Jurkat/LnefSN cells (Fig. 24b). Nef did not
affect CAT activity driven by the SV40 early pramoter ar the pramoters fram Rous
sarcam virus, the cytamegalovirus, ar the Masonr-Pfizer monkey virus, indicating
that Nef specifically suppressed the HIV-1 and I1~2 pramwoters (data not shown). The
Jurkat E6-1 cells were transfected with equivalent efficiency; however, the Nef-
exgressing 133 cells were more easily transfected than were the control cells (22F6
cells). ‘Therefore, CAT activity generated by an RSV-CAT plasmid that was
transfected in parallel was used to assess the transfection efficiency and to
normalize the CAT activity derived fram the HIV-1-CAT and II~2-CAT constructs.

The cbservation that Nef prevents IL~2 induction (Fig. 22a), coupled with the
demonstrations that II-2 induction requires (D4 and p56™ and NF-KB recruitment,
provides additional evidence to suggest that Nef uncouples signals ariginating from
the TCR. Furthermore, the TCR camplex induces NF-KB activity after treatment with
antibodies to either (D2 or (D3. Nef inhibits the induction of II~2 by both of
these stimuli.

Interestingly, Nef has been reparted to down-modulate the surface expression
of (D4. Although Nef did not affect the rate of (D4 transcription ar translation,
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the mechanism by which Nef mediates the down-modulation of (D4 at the cell surface
remains unclear. The cannection between Nef-mediated negative effects on (D4 cell
surface expression and HIV-1 and I1~2 regulation has not yet been established.

Previously, we and others reparted that HIV-1 Nef mediated HIV-1
transcriptional suppression. Same investigatars were unable to canfirm this effect;
however, differences in experimental approaches may explain the apparent
discrepancy. For the first time, the data presented here suggest that the primary
underlying event in Nef-mediated transcriptional repression in activated T cells is
the inhibition of induction of NF-KB activity. In vivo, this suppression may limit
the production and cell surface expression of viral gene products in infected clels,
thereby allowing the cells to evade clearance by the cellular and humoral arms of
the immme response. This model for Nef-mediated viral persistence in vivo may be
omnsistent with the results of Kestler and colleagues which demonstrated that the
presence of an intact nef gene was required to prolong SIV infection and induce
pathogenesis in infected macaques. Furthermore, we and others demonstrated that SIV
Nef inhibited SIV replication in vitro in a way that was analogous to the way in
which HIV-1 Nef inhibited HIV-1. It is possible that high-level Nef expression
early after infection is sufficient to maintain HIV-1 in a relatively latent state,
which may be critical for establishing a reservoir of HIV-1 infected cells ard the
eventual development of AIDS.

We also explared gel retarded caplexes using a 32P-oligormxclectide
correspanding to the HIV-1 AP-1 INA recognition site. In the parental 22F6 Jurkat
cells, an induced AP-1/DNA camplex which was not present in unstimilated cells, was
detected between 1 and 2 hr poststimulation and was abundant 4 hrs post-stimilation.
In contrast, the recruitment of the same AP-1/DNA camplex was inhibited 5-fold at
2 hr and 9-fold at 4 hr in the Nef expressing 133 cells campared to the 22F6 cells
(Fig. 25). Addition of 100-fold molar excess of unlabeled AP-1 specific
oligonuclectide inhibited the appearance of the major inducible cawplex (Fig. 25).
However, an oligonucleotide with three mucleotide substitutions in the AP-1
recognition site did not campete away the inducible canplex, and we included a 100~
fold excess of the unlabeled muitant AP-1 oligamclectide in all binding reactions
as a non-specific inhibitor.

The presence of the constitutive AP-1/DNA camplex (the slowest migrating
ocaplex in Fig. 25) was minimially if at all, affected by Nef and may be due to the
constant presence of serum in the cell growth media. Moreover, this camplex was not
inducible (Fig. 25b). In addition, the constitutively active transcription factar
SP-1 was not affected by the presence ar absence of Nef, and was used as a control
far extract quality (Fig. 25). Therefare, Nef inhibited the inducible AP-1/DNA
camplexes, specifically.
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FiG. 1. Gel shift analysis of AP-1 DNA binding activity in extracts prepared from Jurkat 25 cells. Cells were stimulated with PHA-P (13 gg/mi,
[SIGMAY)) and PMA (75 ng/ml, Sigma) for 0, 40, 80, 120, or 240 min. Oligonucleotide probes used for binding are specified on the top of each
panel. Aindicates the incucible AP-1/DNA complexes. S and P represent SP-1-specific binding and free probe, respectively. SP-1 binding served
as a control for extract quality and specificity of Nef-mediated effects. Cold indicates that 100-fold molar excess of unlabeled DNA was added for
competition. Methods: Cells were maintaine d in logarithmic growth in RPMI 1640 medium supplemented with 10% fetal calf serum and 2 mM
glutamine. Nuclear extracts were prepared from 5 X 107 cells using a modified version of the method of Dignam et a/. (36) as adapted by
Montminy and Bilezikjian (37). Following ammonium sulfate precipitation, nuclear proteins were resuspended in 100 g of 20 mAM HEPES (pH
7.9). 20 mM KCI, 1 mM MgCl,, 2 mM DTT, and 17% glycerol (38) with the addition of 10 mM NaF, 0.1 mM sodium vanadate, and 50 mM
g-glycerol-phosphate. Binding reactions contained 2 uf (2 ug) of nuclear extract, 2 ug poiy(di-dC) (Pharmacia), 100-fold molar excess of unlabeled
intragenic AP-1 mutant oligonucleotide (GATCTCAAAGCGGATATCAGCTGGTTAATCAAATAAT), and 20-40,000 cpm of end-labeled oligonu-
cleotide probe, in DNA binding buffer (39), in a final volume of 22 ul. Reactions were performed at 30° for 30 min, immediately loaded onto a 4.5%
polyacrylamide get using 0.5X TBE, and run at 200 V. Oligonucleotides used were as follows: AP-1, CAGGGCCAGGAGTCAGATATCCACTGA-
CCTTTGGATGGTGCT, SP-1, CAGGGAGGCGTGGCCTGGGCGGGACTGGGGAGTGGCGTCC. ANl DNA probes were gel purified and end-tabeled
with [y-32PJATP. The intensity of indicated bands was determined by laser densitometry scanning. There was a linear relationship between the

amount of extract used and the DNA binding activity. Nuclear extract preparations and binding reactions were repeated on three separate
occasions with similar results.

Fig 25.

ALL cells afforded results similar to those obtained with the Jurkat cells (Fig.
26). However, in comtrast to the Jurkat cells, the mitogen-inducible AP-1/DNA
caplexes were present in unstimulated cells as well as the stimulated cells.
Whereas the stimulatable AP-1/DNA camplexes in the HPB~ALL/LfensN cells were irduced
approximately 5-fold after 4 hrs of PHA and PMA treatment, there was no significant
induction of these camplexes in the HPB-ALL/LnefSNS1 cells (Fig. 26). In this
experiment, the amount of AP-1 activity in the unstimilated HPB-ALL/LfenSN cells was
lower than the HPB-ALL/InefSNS1 cells, however, this was not a consistent finding.
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In this experiment, we mc:luied ancther Nef non-respansive transcription factar, USF
todanosntz:atethesgeclf.lcityofNefactimardthe integrity of the extract. The
apparent difference in migration of the majar inducible AP-1/INA canplexes between

the HPB-ALL and the Jurkat cells probably reflects differences that exist between
the different T-cell lines.
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FiG. 2. Ge! shift analysis of nuclear extracts prepared from HPB-ALL cells that were not stimulated (—) or were stimulated with (+) with PHA (13
ug/mi) and PMA (75 ng/ml) for 4 hr. The Iabeled oligonucleotide probe used is indicated above each panel. The A’s indicate inducible AP-1/DNA
complexes and P represents free probe. Methods: Nuclear extract preparations and DNA-binding reactions were performed as described in Fig.

1. For the USF probe, we used an oligonucleotide corresponding to nucleotides - 159 to - 173 of the HIV-1 LTR(40), GCCGCTAGCATTTCATCA-
CGTGGCCCGAGAGCTGC. Experiments were repeated three times with similar resufts.

Fig 26.
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Previous studies irdicated that c-fos expression is induced by PHA, the calcium
ionophore A23187, and PMA. In arder to determine the signalling pathway required
to induce AP-1 DNA binding activity, we assessed the role of PHA, PMA, ard the
calcium ionophare, ionamycin, alane or in cambination (Fig. 27a). Interestimgly,
the induction of AP-1 activity was maximal with PHA treatment alane and addition of
PMA did not significantly increase AP-1/INA camplex farmation. The level of
inducible AP-1 activity was 18-fold higher in the 22F6 cells campared to the Nef
expressing 133 cells with PHA alane (Fig. 27a). PMA alone anly slightly induced AP-
1 activity in the 22F6 cells, however, no detectable AP-1 activity was cbserved in
the 133 cells treated with PMA alone (Fig. 27a). Ionamycin alane was not sufficient
to elicit AP-1 recruitment in either cell line (Fig. 27a).

T-cell activation is mediated by increased C2** influx and PKC activation which
both occur as a consequence of phospholipase—C activation by the T-cell receptor
(TCR) camplex. Treatment of the Jurkat cells with a cambination of ionamycin and
PMA, vhich both bypass the TR camplex, led to significant indaution of AP-1
activity, albeit 2.5-fold less efficiently than PHA alone. Whereas there was an 18-
fold higher level of induced AP-1 INA-binding activity in the 22F6 cells campared
to the 133 cells using FHA alane, there was only a 3-fold difference using the
ocabination of ionamycin and PMA. Since PHA mimics the normal activati.n signal
(i.e. antigen binding to TCR) of T cells, it appeared that Nef exerted its eifects
primarily (although not exclusively) on TCR initiated signalling, as has been
suggested previously.

To determine whether the induction of AP-1 activity required the activation of
pre~existing camplexes ar new protein synthesis, cycloheximide was added 30 min.
befare mitogen treatment. That cyclaheximide treatment inhibited the recruitment
of AP-1 activity, suggests that de nowo protein sysnthesis must be involved (Fig.
27b) . This result was consistent with the cbservation that two haurs of stimulation
were required befaore significant induction of AP-1 INA binding activity (Fig. 25).

To identify the polypeptides present in the inducible AP-1 camplex, we
incubated muclear extracts derived fram the 22F6 cells with anti-c-Fos and anti—c-
Jun antibodies, prior to the addition of labeled oligamclectides (Fig. 27c).
Antisera to both c-Fos and c=Jun inhibited camplex formation approximately 3-fold,
suggesting the presence of c-Fos amd c-Jun in the complex. Howewver, these
antibodies did not cause a super-shift, presumably because antibody binding to c-Fos
and c~Jun caused confarmational changes which are not permissive far INA binding
activity. In these experiments, normal rabbit serum and anti-Nef antibodies were
used as negative controls.

Previcus studies indicated that the bmdmg of AP-1 to the HIV-1-LIR AP-1
recognition sites play little, if any, role in affecting transcriptional act1v1ty
Zeichner and cowurxers generated several HIV-1-LTR-CAT linker-scanning mutants in
the region of the AP-1 recognition sites and transfected the mutant plasmids into
Jurkat cells. There were no significant differences in CAT activity between the
wild-type HIV-1-LTR-CAT plasmid and the AP-1 mutant plasmids in cells that were ar
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However, the intragenic AP-1 recognition sites were capable of medinting
transcriptional activation following phorbol ester treatment. Therefore, we cloned
a synthetic oliganuclectide, carresponding to the two adjacent AP-1 sites with the
pol gene, ar an oliganuclectide which contained three nucleotide substitutions in
these AP-1 cansensus sites, into the polylinker of the enhancer-less pCAT proamoter
plasmid (Pramega). These plasmids were called pCAT-IG-AP1 and pCAT-MIG-AP1,
respectively. The pCAT pramoter construct, in the absence of the AP-1 sites,
cotains the SV40 core pramoter, afforded low basal chlarampheicol acetyltransferse
(CAT) activity in T-cells, and was not inducible in T-cells following treatment with
T-cell mitogens (data not shown).

The pCAT-IG-AP1 and pCAT-MIG-AP1 constructs were transiently transfected into
the Jurkat 22F6 and 133 cells, as well as Jurkat 25 clone 22D8 cells. The 22D8
cells represent a distinct clonal cell line which, like the 133 cells, also stably
express the nef gene fram HIV-1 isolate NIA3. Transiently transfected cells were
either not stimilated ar were stimulated with PHA and PMA for 18 hr and CAT activity
was then measured. CAT activity in transfected cells was relatively low, between
1-3% conversion to acetylated products. However, we fourd an average fold inductien
in CAT activity of 3.6 + 0.4 in the 22F6 cells transfected with the pCAT-IG-AP1
plasmid, cmparedtoanaveramfoldnﬂuctlmofl4+02mtb9133cellsarﬂm
induction in the 22D8 cells (Fig. 28). Transfection efficiencies were higher in the
Nef expressing cells and were determined by parallel transfection with non-Nef
rspcnsive ;n:uwters including Rous sarcoma virus-CAT, cytamegalovirus-CAT, and
simian polyama virus 40-CAT (data not shown). These determinations were
statistically significant, with 95% confidence intervals, with respect to fold-
induction, of 2.8-4.4 for the 22F6 cells and the 133 and 22D8 cells is 1 in 1000.
CAT activity was not induced in cells transfected with the pCAT-MIG-AP1 construct,
indicating that the integrity of the AP-1 site in the inserted oligonucleotide was
essential. Thus, Nef-mediated inhibition of AP-1 DNA-binding activity prevented AP-
1-mediated transcriptional activatian.

What role AP-1 plays with respect to HIV-1 regulation is unclear. Nef could
inhibit AP-1-mediated activation of HIV-1 directly, by preventing the interaction
of AP-1 with the intragenic enhancer in the pol gene. In addition, by inhibiting
AP-1 induction during T-cell activation, Nef may affect the regulation of AP-1
activated cellular genes. Effects an such cellular genes may alter the cellular
envirament, positively or negatively, which may indirectly affect HIV-1
replication. For exanmple, the finding that c-Fos and c~Jun are early respanse
mediators of T-cell activation, coupled with the observation that HIV-1 cannoct
replicate in resting, unactivated T-cells, presents a scenario for irdirect effects
of Nef on HIV-1 expression.

In addition to mediating the ssppression of AP-1 induction, we found that Nef
also inhibited the mitogen-mediated induction of NF-kB. NF-kB, like AP-1, is an
early response effectar of T-cell activation and has been shown to be an important
activation of HIV-1 replication in stimulated T-cells. Thus, Nef mediated
inhibition of recruitment of both AP-1 and NF-KB may intensity the negative effects
on HIV-1 replication in T-cells. By inhibiting virus replciation directly, and/ar
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by blocking T-cell activation, Nef may provide a reservoir of persistnetly infected
cells which may ultimately contrilbute to HIV-1 clinical latency, HIV-1 mediated T-

cell depletion, and AIDS.

Fig 28.
52

Fold- induction of CAT activity

22F6 133 2208 22F6 133 2208

pCAT-1G-API pCAT-MIG-AP]

Fic. 4. Chioramphenico! acetyltranferase {CAT) assays extracts
prepared from Jurkat 25 cells transfected with the pCAT-IG-AP1 and
pCAT-MIG-AP1 plasmids. The data are presented as the mean ratio
of the level of CAT activity present in cells stimulated for 18 hr with
PHA-P and PMA compared to the level present in unstimulated cells.
The error bars represent the standard deviation ~¢ ine mean. Meth-
ods: Jurkat cells were transfected with 40 ug of .2 .ndicated plasmid
using DEAE-dextran. Briefly, 107 cells were incubated with plasmid
DNA suspended in 10 ml of serum-free RPMI 1640, 0.25 M Tris (pH
7.3), and 125 ug/mi DEAE-dextran (Sigma) at 37° for 40 min. Foliow-
ing centrifugation at 2000 g for 7 min, cells were maintained in
growth media containing 10% fetal calf serum for 24 hr. Cells were
or were not treated with PHA-P (13 ug/ml) and PMA (75 ng/mtl} and
incubated an additional 18-24 hr. Cell extracts were prepared and
CAT activity was measured by standard methods (4 7). Extract equiv-
alent to 3 X 106 cells, as determined by Bradford reagent analysis
(Bio-Rad), was used for each 18-hr reaction. CAT activity was in the
linear range of analysis with respect to extract amount and incuba-
tion time. The amount of CAT activity was quantitated by excising
the spots corresponding to the unacetylated and acetylated forms of
[""C]chioramphenicol and measuring radioactivity in a scintillation
counter. The plasmid pCAT-IG-AP 1 was generated by cioning a dou-
ble-stranded oligonucleotide corresponding to the two adjacent in-
tragenic AP-1 recognition sites (2} and containing a BamHl sticky
endon the 5'end, GATCTCAAAGTGAATCAGAGTTAGTCAATCAAA-
TAAT, and a Safl sticky end on the 5 end of the complementary
oligonucleotide, TCGAATTATTTGATTGACTAACCAGCTGAT-
TCACTTTGA, into the BamH! and Sall sites in the enhancerless
pCAT-promoter plasr.»d (Promega). Plasmid pCAT-MIG-AP1 was
made in the same w:, except that the AP-1 recognition sites in the
oligonucleotide usec for cloning were disrupted by substitutions at
the tollowing, underlined positions; GATCTCAAAGCGGATATCAGC-
TGGTTAATCAAATAAT. Cells were transfected 4 to 6 times with
each plasmid, a mean-fold nduction was calculated, and the stan
gard deviation of the mean was deterrmined. The average-fold induc-
tion and standard deviationswere 3.6 * 04, 14 + 0.2, 3nd0 9+ 0.1
for the 22F6, 133, and 22D8 cells, respectvely
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The mechanism underlying Nef's negative transcriptional effects on viral
transcription may be its ability to inhibit NF-kB activity in 1-cells and NF-kB-like
activity in non-lymphoid cells, such as O0S cells. This conclusion is based upon
results obtained fram Jurkat and O0S cells transfected with HIV-1-LTR CAT constructs
cantaining mrtations in both of the NF-KB sites. Basal CAT activity in these cells
was significantly lower campared to cells transfected with constructs bearing intact
NF-KB sites. The effect of Nef on the NF-kB-like factors present in QO0S cells may
be identified by incubating muclear extracts fram Nef-expressing and parental QOS
cells with an NF-kB oligamiclectide probe. In these experiments, we will co-
transfect a plasmid expressing a chimeric version of NF-kB fusing the p65 and p50
subunits. It is expected that this assay system will have a low background, and
thus will be amenable to a transient transfection assay far Nef. This will provide
a useful system for analyzing the effect of various mutations in Nef.

That Nef inhibits the recruitment of NF-XB in response to the T-cell mitogen,
PHA, which acts presumably through the T-cell receptar (TCR) camplex, coupled with
the results of Luria and colleagues, which indicate that Nef inhibits II-2 mRNA
induction, following treatment with anti~TCR and anti-(D3 antibodies suggests that
Nef inhibits signals emanating fram the TCR camplex. However, since Nef also
inrhibits, although to a less extent, NF-KB and AP-1 induction by PMA together with
ionamycin, which bypasss the TCR, Nef may also affect signalling that ocrurs
downstream of the TR caplex ar through altermative pathways.

To evaluate the effects of Nef protein an activation of transcriptional factars
through protein kinase C-independent mechanisms, Jurkat cells carrying the nef gene
(133) and the parental cell line (22F6) were stimilated with either INF or LIPS, ard
the results were campared with those from stimulation with PMA and PHA (Fig 29).
A noninducible factar, SP-1 was used to cantrol for protein concentration and
quality of the extracts (Fig 29A). INF or LIPS induction of NF-kB (Fig 29B) and AP-1
(Fig. 29C) was not affected by the presence ar absence of Nef protein in 133 and
22F6 cells, respectively. In contrast, the level of induction of both transcription
factors was decreased by 6-fold in the case of NF-kB and by 14-fold in the case of
AP-1, when the same cells were stimilated with PMA and PHA.

Similar results were obtained when the camparison was made between the
stimulation with I1~1 and that with PMA or PHA (Fig 30). Noninducible transcription
factor USF was used as a control (Fig 30A). NF-kB (Fig 30B) and AP-1 (Fig 30C)
activation by I1~1 was not significantly affected by the presence or absence of Nef
protein in 133 and 22F6 cells, respectively. Stimulation with PMA or PHA resulted
in down regualtion of NF-kB by 5-fold and AP-1 by 15-fold in the presence of Nef
protein in this experiment.
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FIG. 1. Effect of Nef protein on induction of transcriptional factors AP-1 and NF-«B in T cells stimulated with TNF, LPS, or PMA and PHA.
Gel shift analysis shows induction of transcriptional factors SP-1, NF-xB, and AP-1 in Jurkat T cells (22F6 is the parental cell line, and 133 is the
Nef protein-expressing line). Cells were incubated for 4 h with saline ( ~ ), TNF, LPS, or PMA and PHA (P/P). Retarded DNA-protein complexes
are shown; free DNA complexes are not shown but were equivalent in each lane. The experiments were performed three times with similar results.
The relative intensity of the bands was evaluated by laser densitometry.
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To determine if induction of NF-XB and AP-1 correlated with transcriptional
activity, cells were transfected with DINA plasmids which use the HIV-1 lang terminal
repeat to direct expression of a heterologous gene product, CAT. Cells were
stimilated with INF ar IL~1 (Fig 31). No difference in acetylation between the
cells expressing the nef gene, 133, and the parental cell line, 22F6, was found when
both cell lines were stimilated with either II~1 or INF (Fig 31A). Because Nef
protein also has been reported to suppress the induction of CAT activity directed
by the IL~2 CAT plasmid, both 133 and 22F6 cells containing this plasmid were
stimulated with INF ar II~1 (Fig 31B). The results paralleled those obtained with
HIV-1-CAT. These data indicate that Nef protein does not affect the induction of
transcription factars by the pathway(s) of T-cell activation ariginating through T™NF
ar IL~1 receptors.

A) 30 4

FOLD INCREASE

IL-1 TNF L1 TNF

22F6 133
B) 40

FOLD INCREASE

22F6 133

F1G. 30 CAT assay showing the effect of Nef protein on HIV and
IL-2 transeription. Jurkat T cells (22F6 is the parental cell line, and 133
is the Nef protein-expressing cell line) were transfected .eb HIV-1-
long terminal repeast-CAT (A) and incuoated for 4 hwith recombinant
human 11 or TNF. Similar experiments with {1-2-CAT (B) were
performed with 2216 and 133 cells. Cells were transfected four times
with cach plasand, & mean fold induction was caleulated, and the
standard deviation of the mean was determined. The percentages of

Fig 31. acetylation of HIV-1.CAT were 4.6 + 0.7 (IL-1) and 4.3 + 0.4 (TNI)
for 2210 cells and 3.9+ 0.6 (TL-1) and 4.7 = 0.3 (TNE) for 133 celis,
55 The pereentages of acetylation for 11L-2-CAT were 149+ 09 (1 1)

and 17 2 0.7 CUNFE)Y for 22F6 cells and 127 ¢ 0.6 (H. 1) and 129 +
03 (INEF) for 133 cells,
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To further evaluate the effects of Nef protein an signal transduction after PMA
or PHA stimulation, the effect of addition of a protein kinase inhibitar, H-7 was
exmined (Fig 32). The noninducible factar USF was used as a control (Fig 323).
PMA or PHA induction of NF-kKB (Fig 32B) was 10-fold higher in the 22F6 cells than
in the 133 cells. The use of H-7 resulted in a significant decrease in NF-kB
induction in the cells that did not express Nef protein. Similarly, PMA and PHA
resulted in the induction of AP-1 (Fig 32C) to a lewvel that was 15 times higher in
the cells not expressing Nef protein than in the cells expressing Nef protein. H-7
blocked the induction of AP-1 in the 22F6 cells. In both cases, the addition of H-7
totteNefpznteure;qr&sugcellsdldmtcmsearwﬁmmerdecmasemﬂle
already low level of expression of the respective transcription factors.
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FIG. 4. Effect of Nef protein on induction of transcriptional factors AP-1 and NF-«B in T cells stimulated with PMA and PHA in the presence
or absence of H-7. Gel shift analysis shows induction of transcriptional factors USF, NF-«B, and AP-1. Jurkat T cells (22F6 is the parental cell
line. and 133 is the Nef protein-expressing cell line) were incubated for 4 h with PHA and PMA (P/P) or sterile water ( - ). H-7 was added 30 min
prior to the incubation. Retarded DNA-prolein complexes are shown: free DNA complexes are not shown but were equivalent in each lane. The

F:i.g. 3zc\pcnmcms were performed three times with similar results. The relative intensity of the bands was evaluated by taser densitometry.

To further establish that the effects of Nef protien were related to
stimulation throught he TCR-D3 camplex, both Jurkat 22F6 and 133 cells were
stimilated by anti—-(D3 cross-linking in the presence aor absence of H7 (Fig 33).
Noninducible transcription factor USF was used as a control (Fig 333a). NF-kKB
induction (Fig 33B) in 22F6 was increased fivefold by the addition of the antibodies
to the T(RD3 camplex. The presence of H-7 attermated the induction to a level
camparable to that achieved in the 133 cells. Again, induction was not further
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decreased by H-7 in the 133 cells, because levels were already fivefold lower far
the oligamuclectide far AP-1 was used (Fig 33C), similar results were abtained, with
differences of eightfold far the anti-(D3 antibody stimulation of 22F6 cells
campared with the 133 cells.
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FIG. 5. Effect of Nef protein on induction of transcriptional factors AP-i and NF-xB in T cells stimulated with cross-linked antibody to CD3
(CD3) or soluble CD3 in the absence of immobilized anti-mousc 1gG (- ). Gel shift analysis shows induction of transcriptional factors USF,
NF-«B, and AP-1. H-7 was added 30 min prior to the incubation. cP, cold probe. Retarded DNA-protein complexes are shown; free DNA
complexes are not shown but were equivalent in each lane. The experiments were performed twice with similar results. The relative intensity of
the bands was evaluated by laser densitometry.

Fig 33.

To carroborate that the effects on the regulation of transcription factars were
oarrelated with transcriptional activity, CAT assays were perfarmed (Fig 35). The
percentage of acetylation was decreased by sixfold with the use of H-7 in the 22F6
cells stimlated with anti-CD3 for HIV-1-CAT (Fig 353). The difference between the
percentage of acetylation in 22F6 and 133 cells (Fig 35B) in the absence of H-7 was
5.5-fold when cells were stimulated with anti-(D3. The results with the II-2-CAT
plasmid with both 22F6 (Fig 35C) and 133 (Fig 35D) cells again paralleled those of
the HIV-1 CAT plasmid, except for the greater differences faxdbemeentmrfe.f
protein-expressing cells and the parental cell lines. Furthemore, the findings with
II-2-CAT reflect previously decreased Nef protein effects on endogenous I1~2
expression. The results presented above indicate that Nef protein down regulates
the induction of NF-kB and AP-1 by intereacting with ane of the steps involved in
T cell activation the TCR-CD3-(D4 camplex.

c) To characterize the mechanism of transcriptional suppression by Nef

i) Gel retardation experiments

These experiments are discussed in depth in the preceding section. 1In
addition, to the experiments to be performed with 00S cell muclear extracts, we will
also perfarmed assays with a variety of different NF-kB binding sites, in light of
recent data of significant differences in the binding ability of different rel-
related proteins to each oligonuclectide sequence.
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ii) pNA footprinting studies

DNA footprinting stidies proved unncessary since it was found that Nef
modulated the activity of known transcription factors.

iii) In vitro transcription studies

Insufficient funds were available to camplete this task due to severe hudgetary
arts dring the last six months of the project.

d) To determine the role of lation, GTP bindi GIPase activi and
myristovlation acceptor activity on Nef activity

Structural studies of Nef have shown that this protein is myristoylated at the
N terminus, and acylation has been suggested to be important for its association
with cell membranes. Inaddltlm,apotmtlalpmut:emkmaseC(H(q
phosphorylation site at threanine 15 of HIV-1 Nef ard serine 10 of HIV-2 Nef have
been identified. These potential phosphorylation sites are hamologous to those
present in p60™ ard epidermal growth factor receptor. Different Nef variants have
an alanine residue at position 15 (Nef 1) ar a threonine (Nef 2). Conversion of
threonine 15 to an alanine residue results in the loss of Nef phosphorylation.
Though other Nef phospharylation sites have been proposed, there is no evidence that
they are utilized. We therefare examined the importantce of the threonine 15
phospharylation site with regards to the ability of Nef to downregulate
transcription factors.

Human Jurkat J25 T-cell clanal cell lines were selected after transfection
with plasmids containing the gene for either Nef 1 (133, 22D8) or Nef 2 (10H10, 1F8)
urder the cantrol of the simian virus 40 enhancer and human T-cell leukemia virus
pramcter as previously described. The Nef 1 and Nef 2 proteins differ at amino acid
positions 15, 29, and 33 (Fig 35). Jurkat cell clanes were also made with the
plasmid with the Nef 1 sequence mutated at position 15 fram threonine to alanine
(Nef 1 clones 18 and 19) ar with the plasmid with the Nef 2 sequence mutated at
position 15 fram alanine to threonine (Nef 2 clones 13 ard 16). All these clanes
have been shown previously to show, in the absence of stimulation, minimal LITR-
driven activity as well as recruitment of transcriptional factor NF-kB and AP-1
(defined as the increase in the muclear fraction at the active farms of these
factars). These characteristics are not unique to these cell clones and have also
been observed with other Jurkat cell lines (E6-1) and HP-BALL cells. In addition,
these cell lines respond appropriately to T-cell stimulants including PMA, PHA,
antibodies to (3, antibodies to (D2, as well as antibodies to the TNF and I1~1
receptors, indicating that their signal transduction pathways are functional.
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FiG. 1. (A) Structure of Nef expression piasmids. Numbers on top
show Nef protein amino acid residues, with number 1 indicating the
initiator methionine. Differences in residues between Nef 1 and Nef 2
for the specified positions are indicated for each clone. (B) Western
blot analysis of Jurkat cell clone extracts immunoprecipitated with rab-
bit anti-Nef antiserum (5). These include parental cell line (22F6), Nef
1 expressing clones (133, 22D8), Nef 2 expressing clones (1F8, 10H10),
Nef t mutants (18, 19), and Nef 2 mutants (13, 16). Positions of molecu-
lar weight markers are indicated on the left. (C) Jurkat cell clone extracts
after [*?Pjorthophosphate labeling and immunoprecipitation with rabbit
anti-Nef antiserum. Positions of molecular weight markers {kd) are
indicated on the left.

Fig 35
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Fig 35B shows the Western blot analysis of all the cell line including the
parental cell line 22F6. For this study, cells were kept in log phase growth and
immunoprecipitation and immunoblot analysis was perfarmed with a rabbit antiserum
as previously described. Nef was detected by the rabbit antiserum in all clanes
except 22F6, and to a similar level.

In oarder to examine which Nef proteins can be phospharylationed, *P-
arthophosphate labeling was performed. Briefly, 10’ cells were grown in phosphate-
free media far 4 hr and then *P-HPO, was added at 0.2 mCi/ml. Cells were then
stimulated with 50 ng/ml PMA and 13 ug/ml PHA far 4 hr, or with sterile water as a
control. Immunoprecipitation was carried out as above except that phosphatase
inhibitors (50 mM NaF, 10 mM Na,Wo,, and 50 mM beta-glycerolphosphate) were added to
the RIPA buffer. Immmoprecipitates were then analyzed by SDS-PAGE, followed by
autaradiography. The results are shown in Fig. 35C. Jurkat cells expressing Nef
variants carrying a threanine at position 15 (Nef 2 clone 10H10 and mutant Nef 1
clane 18) showed phospharylation after stimulation with PMA and PHA while neither
of the clones with an alanine at position 15 (Nef 1 clone 133, mutant Nef clane 13)
showed a significant amount of phospharylation. No phosphorylation was detected in
the absence of PMA and PHA treatment.

To examine the effect of each Nef variant on the recruitment into the nucleus
of active transcription factars, electropharetic mobility shift assays (EMSA) were
perfarmed with muclear extracts prepared fram the different Jurkat cell clanes,
after stimilation with PMA and PHA far 4 hr or after stimulation for the same period
of time with sterile saline, as previously described. Far EMSA, double-stranded *p-
labeled oligomuclectides were used which include the binding sites of transcription
factars SP-1, NF-kB, and AP-1. Nuclear extracts were normalized for protein
canerttraummthﬂe&adfardreagat\sngbovnesenmalhmnasastarﬂard
EMSA was perfarmed using the probe for noninducible transcriptional factor SP-1 to
control far the quality of the extracts (Fig 363). Recruitment of transcription
f{actors NF-KB ard A(-2 1n the Xo@iae of i wd PHA stimulation was negiigible
(data not shown). Figure 36B shows the dowrregulation of NF-kB in Jurkat T cells
expressing Nef 1 (22D8, 133) as campared with the parental cell line 22F6. On thre
cantrary, cell clanes expressing Nef 2 (1F8, 10H10) showed no difference in NF-KB
induction fram that of 22F6 cells. Results for AP-1 recruitment are shown in Fig
36C and were similar to those for NF-KB. AP-1 was downregulated in cells expressing
Nef 1 but not in those expressing Nef 2.

Fig 37 shows mobility shift assays in which the camparison is made between
parental cell clone 22F6, Nef 1 producing cell clone 22D8, and clones 18 and 19 in
which the Nef 1 protein has been modified with a threonine instead of an alanine at
position 15. SP-1 activity from these cell clones is shown in Fig 36A. NF-kB (Fig
37B) and AP-1 (Fig 37B) induction was downregulated in the cells expressing Nef 1
when campared with that of the 22F6 cells. Strikingly, both cell clones 18 and 19
show no effect on NF-kB and AP-1 recruitment when campared with the parental cell
clone 22F6.
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Fic. 2. Electrophoretic mobility shift assays performed from nuclear extracts with 32P-;abeled oligonucteotide probes for binding sites of (A} SP-
1, (B} NF-kB, and (C) AP-1. Cell clones: 22F6 (parental cell line), 133 and 2208 (Nef 1 expressing clone), 1F8 and 10H10 (Nef 2 expressing clone),
18 and 19 (mutant Nef 1 clones), 13 and 16 (mutant Nef 2 clones). C-P, competition by cold probe. The relative intensity of the bands, showing
only DNA-protein complexes, was evaluated by laser densitometry (bar graphs). The free probe at the bottom of the gels is not shown. Experiments
were performed in duplicate with similar results.
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Fic. 3. Electrophoretic mobility shift assays performed from nuclear extracts with *P-1abeled ofigonucleotide probes for binding sites of (A) NF-

kB and (B) AP-1. Cell clones: 22F6 (parental cell line), 2208 (Nef 1 expressing clone), 18 and 19 {Nef 1 mutants). c-P, competition by cold probe.

. 7The relative intensity of the bands, showing only DNA-protein complexes, was evaluated by laser densitometry (bar graph). The free probe at the
Flg 3 bottom of the gels is not shown. Experiments were performed in duplicate with similar results.

Fig 38 shows the camparison between parental cell clone 22F6, Nef 2 producing
cell clone 1F8, Nef 1 producing clone 133, and clanes 13 and 16 in which the Nef 2
protein has been modified with an alanine instead of a threonine at position 15.
SP-1 activity for these cell clones is shown in Fig 36B. NF-kB (Fig 38a) and AP-1
(Fig 38B) are both downregulated in the cells expressing Nef 1 (133), while no
effect is seen in those expressing Nef 2 (1F8). Clones 13 and 16 showed an
intermediate phenctype between that exhibited by Nef 1 and Nef 2. The fact that
both clones 13 and 16 showed this intermediate phenotyse suggest that other
determinants in Nef besides phosphorylation at position 15 are important for Nef-
deperdent downregulation of transcription factors.
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FiG. 4. Electrophoretic mobility shift assays performed from nuclear extracts with 2P-labeled oligonucleotide probes for binding sites of (A) NF-
kB and (B) AP-1. Cell clones: 22F6 (parental cell tine), 133 (Nef 1 expressing clone), 1F8 (Nef 2 expressing clone), 13 and 16 {Nef 2 mutants). ¢-P,
competition by cold probe. The relative intensity of the bands, showing only DNA-protein complexes, was evaluated by laser densitometry (bar
graph). The free probe at the bottom of the gels is not shown. Experiments were performed in duplicate with similar resuits.
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FiG. 5. Chloramphenicol acetyltransferase (CAT) assays for HIV and iL-2 transcription. Extracts were prepared from Jurkat cell clones transtected
with HIV-1-CAT (A-C) or IL-2-CAT (D-F). The data are presented as the mean ratio of the level of CAT activity present in the cells stimulated with
PMA and PHA for 4 hr compared to the level present in unstimulated cells. The mean values for percentage of acetylation in stimulated cells were
10.2 (22F6), 1.4 (133), 8.7 (N1 19), 9 (N1 1B), 8.6 (1F8), 8 (10H10), 5.3 (N2 13), 5.9 (N2 16) for HIV-1-CAT and 22.3 (22F6), 2.6 (133), 22.2 (N1 19) 237
(N1 18}, 17.5 (1F8), 18.4 (10H10), 3.5 (22D8), 6.3 (N2 13), 7.2 (N2 16) for IL-2-CAT. Experiments were performed in triplicate and error bars represent
standard deviation of the mean. Cell clones: 22F6 (parental cell line), 133, 2208 (Nef 1 expressing clones), 1F8, 10H10 (Nef 2 expressing clones),
13 and 16 (Nef 2 mutants), 18 and 12 (Nef 1 mutants).

Fig 39

To determine if the effects of the changes of amino acid 15 in Nef on
transcription factor regulation correlated with transcriptional activity,
eypermermsvmeperfmredmwhldmcellsmtrarsfectedbyﬁeomd@cuan
method with plasmid which use the lang terminal repeat of HIV (HIV-1-CAT) or the I~
2 pramoter (IL-2-CAT) to direct expression of the chloramphenicol acetyl transferase
(CAT) gene. After stimulation or the cells with PMA and PHA or sterile saline for
4 hr, cell extracts were prepared and CAT activity was assessed by standard methods.
Samples far the CAT assays were narmalized to equal protein cocnetration by Bradfard
reagent anmalysis using bovine serum allbumin as a standard. CAT assays from
different cell lines were also narmalized to a noninducible control plasmid RSV-CAT,
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which as transfected in parallel with the HIV-1-CAT ard the II~2-CAT. Fig 39 shows
the results of these experiments. The CAT activity measurements closely paralleled
the IMSA findings. Unstimilated cells showed almost no CAT activity (data not
shown). Fig 39A shows decreased CAT activity in cell clones transfected with HIV-1-
CAT in the presence of Nef 1 (22D8, 133), when campared with the parental cell line
22F6. On the other hand, clones expressing Nef 2 (1F8, 10H10) showed no difference
in HIV-1-CAT activity as campared with parental cell line 22F6. Fig 39B canpares
the CAT activity in clones transfected with the HIV-1-CAT expressing Nef 1 (133) and
the parental cell line (22F6) as well as clones 18 and 19 in which Nef 1 protein has
been modified to include a threonine at position 15 instead of an alanine. CAT
activity was decreased in cells expressing Nef 1 when compared with the parental
cell line. Once again, clones 18 and 19 showed no difference in CAT activity when
campared with the parental cell line. Fig 39C shows the canparison between clanes
transfected with HIV-1-CAT expressing Nef 1 (133), Nef 2 (1F8), and the parental
cell line 22F6, as well as clones 13 and 16 in which Nef 2 protein was modified to
include an alanine at position 15 instead of a threonine. CAT cativity was not
significantly different between Jurak cell clones expressing Nef 2 and the parentai
cell line, while it was clearly decreased in those expressing Nef 1. Clones 13 and
16 expressed an intermediate phenotype. Figures 39D, 39E, and 39F shows the results
of similar experiments except that the cells were transfected with II-2-CAT. IL~2-
CAT induction was decreased in clones expressing Nef 1, when cawpared with the
parental cell line, while those expressing Nef 2 showed no significant effect on CAT
activity. Clanes 13 and 16 also showed an intermediate phenotype with regards to
II2 expression.

HIV-1 Nef protein has been shown to be phospharylated by PKC at threonine 15.
The muation fram threonine to alanine results in loss of this phosphorylation site.
This change has no effect an N-terminal myristoylation of Nef, thus is not likely
to affect Nef memkrane binding. It also has no effect an downregulation of (D4
expression in T cells. The results of this study show that, as in the case of p60*,
phospharylation of Nef results in loss of ane of the functions of this protein.
Also, the results show that, even though other potential phosphorylation sites have
beawidamifiedmNef,ﬁeptedanjmmsiteofNefﬂnsptmyhtimupmstimﬂatim
of T cells is the threonine at position 15. We have shown elsewhere that
dowrrequlation of transcription factar NF-kB by Nef occurs through a PKC-depedent
mechanism. The canbination of these data presents a model for a unique system by
which a protein acts through a pathway that use a protien kinase as an intermediate
for its function, and the same protein kinase reulgates the presence of the active
farm of the protein. Furthermare, it has also been shown that Nef associated with
the cytoskeleton (see below), and may also localize in specific "channels" in the
mcleus (see below). Whether the localization of Nef and its availability for
phospharylation by PKC are related is so far unknown. However, it is intriguing
that the PKC phosphorylation site lies within the potential bipartite muclear
localization signal, and therefare, may alter its activity.
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Several studies have examined the cellular localization of Nef, but with
differing results. The current studies utilized cell fractionation methods to
demonstrate localization of a portion of Nef in the cytoskeletal matrix of T
lymphocytes. This is a detergent insoluble frameswork of proteins which includes
the cytoskeleton and membrane skeletal fractions. Furthermare, we have developed
a novel binding assay to examine the dependence of myristoylation far Nef binding
to the cell skeletal matrix.

In arder to examine the cellular localization of Nef, we used a Jurkat 25 cell
clone resulting from stable transfection of a plasmid (SRalpha) expressing nef fram
HIV-1 strain NI4-3, using a human T-lynphotropic virus type 1 (HITLV1) prawter and
an SV40 enhancer (133 cells). Cantrol Jurkat 25 cells (22F6 or 22 cells) do not
express Nef. In addition, we used HPBALL cells infected with a recambinant
retrovirus expressing nef fram HIV-1 strain SF2 using the MoMulV pramoter (NEF
cells) and control HPRALL cells not bearing nef sequences (IN cells). Both
unstimilated cells and cells stimilated for 4 hrs with PMA nad PHA were used. Celils
were lysed in hypotonic lysis buffer (10 mM Hepes, pH 7.9, 10 mM KCl) by Dounce
haomogenization, and unbroken cells and nuclei were removed by centrifugation at 1500
rm at 4° in an Fpperdorf centrifuge. The postiuclear supernatant was supplemented
with NaCl to a final comentration of 150 mM and was then separated by
ultracenmtrifugation at 38,000 rpm in a 70.1 Ti rotar at 4° for 1 hr into a
supernatant fraction (cytosol, C) and a pellet. The pellet was resuspended in NTENT
buffer (150 mM NaCl, 10 mM Tris-Cl, pH 8.0, 1 mM EDTA, pH 8.0, 3 ul/ml aprotinin,
0.1 mM PMSF, 0.1 mM sodium vanadate, 10 mM NaF, 50 mM glycerol phosphate, 1% Triton
X-100, 1% NP-40) and resedimented under the same ultracentrifugation conditions into
a supernatant fraction (memlrane, M) and a pellet (skeleton, K).

Under these fractionation conditions, 15-50% of the Nef protein was fourd in
the cytosolic fraction, 32-48% in the membrane fraction, and 16-42% in the skeletal
fraction (Fig 40). No significant differences were seen between unstimulated ar
stimilated HPBALL cells (Fig 40a) ar Jurkat cells (Fig 40b). Similar results were
abtained in fractionation studies using *H-myristate-labeled Nef (not shown). The
skeletal fraction had no significant contaminating membrane or cytosolic proteins,
as evidenced by the lack of significant amounts of 5'muclectidase (5'NT, memkrane
marker protein) or lactate dehydrogenase (LDH, cytosolic marker protein). Tubulin
was used as a marker protein far the skeletal fraction, and 51-59% of this protein
was present in the skeletal fraction, 38% in the cytosolic fraction,and only 3-11%
in the memkrane fraction (Fig 40a). Thus, there is very little contamination of the
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FiG. 1. Nef is associated with skeletal, membrane, and cytoplas-
mic cetlular fractions. (a) HPBALL and (b) JURKAT cells were fraction-
ated by ultracentrifugation into cytoplasmic (C), membrane (i), and
skeletal fractions (K). HPBALL-LnefSNS1 cells (NEF-U and NEF-S)
express the nef gene derived from the HIV- 1 isolate SF2 whereas the
HPBALL-LN cells (LN-U and LN-S) do not express nef. Cells were
maintained at logarithmic growth in RPMI-1640 medium supple-
mented with 10% fetal bovine serum and 2 mM glutamine. Fou-
hours prior 10 harvest, 7 x 107 cells were either not stimulated (U) or
were stimulated (S) with 13 ug/mi PHA (Sigma) and 50 ng/mi PMA
{Sigma). Cells were harvested at 1500 rpm for 5 min and were
washed twice with phosphate-buffered saline (PBS) Cell pellets
were resuspended in hypotonic lysis buffer and allowed to swell on
ice for 15 min. Cells were then dounced 20 times, nucler and unbro
Len cells reinoved at 1500 rpim, and post-nuclear supernatants frac
tonated by ultracentnfugation into cytoplasmic (C), membrane (M),
and skeletal fractions (K) as described in the text. Fraction equiva-
ients were analyzed by 10% SDS PAGE and immunoblot analysis
The prims v antibody was a rabbit anti-Nef antiserum or a mouse
anti-tubulm antiserurm (Boehringer-Mannheim), and the secondary
antibody was a horseradish peroxidase comnjugated goat-ant-rabbut
G (Clontech) ar atkaline phosphatase canjugated goat antemause
116G (Promega) Proteins were visuahzed following the addition of
FCL reagent (Amersham) or NBT/BCIP (Promegqa) and were quant
Cined by laser densitometry of Kodak XAR iimas Allbands wers i the

faar range of analysis as determined by a standard curve U5 and
EUNT asnays (Sigpna) were performed using cquivalent amesats of
SN frieton as deacnbed by the manufacturer Theae necg e o
ntesentative al three QEOHrate expenmeornty
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FiG. 2. Mynstoylation of Nef in £. coli. Bacteria (strain JIM101) were
transformed with the NMT expression plasmid alone (N} or together
with plasmids expressing the myristoylation acceptor mutant Nef (A)
or the wild-type Nef (G) (22). Bacteria (2 ml) were grown to mid-tog
phase (Ag, = 0.5-0.6) and induced with 20 ul of 100 mM IPTG to
induce NMT expression and 2 ul 50 mg/ml nalidixic acid 1o induce
Nef expression for an additional 2-4 hr ini the presence of 400 uCi
[*H]myristate (56 C/mmol, Amersham). Bacteria were sedimented
at 6000 rpm for 15 min in a JA20 rotor at 4°, washed twice with PBS,
and lysed by boiling in 100 u! of 2x sample buffer. Equivalent vol-
umes (S ul) were analyzed by SDS-PAGE and (8) immunoblot as

described in Fig. 1 or {b) autoradiography (22). Molecular weight
markers are shown in lane M.

Fig 41

In arder to further assess the nature of binding of Nef to the skeletal matrix,
recanbinant proteins expressed in E coli were utilized. To obtain myristoylated
bacterial Nef proteins, we transfoarmed bacteria with a nef epxression plasmid and
a plasmid expressing the yeast N-myristoyl transferase. In this experiment, the nef
gene was derived fram a recambinant of two closely related HIV-1 strains, HXB2 and
HXB3. A clare with a glycine to alanine mutation in the myristoylation acceptar
site was utilized to generate a nomyristoylatable farm of Nef (A). In addition,
expression of yeast N-myristoyl transferase alone (N) was used as a negative
control. A 25-kDa protein was detected fram both A and G expression system, as
detected by a polyclanal rakbit antiserum (Fig 41a). The farm of nef with glycine
codon 2 could generate a product labeled with “H-myristate and detected by SDS-PAGE
and autaradiography. In contrast, no H-myristate incorporation oocurred into the
muitated Nef (A) or into E coli protein (N). Also identified in the A and G Nef
expressing bacteria, but not those expressing NMTI' alone, were small amounts of 19
and 26-kKDa proteins, which did not incarporate ’H-myistate (even with a longer
exposure of the autoradiogram shown in Fig 41b).

Recawbinant G and A Nef proteins were partially purified fram E coli after
lysozyme treatment and sonication in NTENT buffer supplemented with 0.5% SDS ard 0.5
M NaCl. Insoluble debris was removed by ultracentrifugation at 45,000 rpm for 3 hr
at 4° in a 70 Ti rotar before and after dialysis overnight against NTENT buffer.
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For in vitro binding reactions, skeletal matrix was prepared fram HPBALL (IN) cells
as previously described. Binding reactions were perfarmed with 300 ug of partially
purified bacterial proteins in 20 ul in a reaction volume of 100 ul in NTENT buffer
at 18° far 30 min. Similar results were abtained in reactions perfarmed for 5-120
min. The reaction mixtures were then treated by ultracemtrifugation at 38,000 rpm
far 30 min at 4° in a 70 Ti rotar. The supernatant was transferred to 100 ul of
4 x sample huffer (0.25 M Tris-Cl, pH 6.8, 8% SDS, 40% glycerol, 20% 2-
mercaptoethanol, 0.02% bramophenol blue), and the pellet was resuspended in 200 ul
of 2x sampie buffer. Twenty microliters of each sanple was then analyzed on a 10%
SDS-PAGE and analyzed with the anti-Nef antiserum using the BECL system. The
relative propartions of protein in each fraction were determined by densitametric
analysis.

Representative results of a binding experiment are shown in Fig 42a. Between
30 and 50% of the Nef G protein (average 34%) was found associated specifically with
the skeletal matrix, whereas only 5-15% of the Nef A protein (average 8%) was in the
pellet fractian. When expressed in the absence of N-myristoyl transferase, Nef G
and Nef A showed no significant differences in cytoskeletal birding (not showr:).
The results presented in the table represent 12 independent experiments with 6
different preparations of Nef proteins and 6 different preparations of skeletal
matrix.

a) Nef bj Gag
Supernatants Pellets Supernatants Pellets
N G A N G A G A G A
LR T T U S, =+ - 4+ - &+ - 4+ Cytosk
-a oo e e ve o “-025
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Protein Specific Binding (%)

Nef-A 8 5-15
GAGG 33 30-40
GAGA 38 30-45

" ) Protein in pellet {(+) Cytosk __ _ Proteinin Peliet (-} Cytosk  _
Specific Binding = Protein in pellet + sup (+) Cytosk Protein in peliet +su%) Cytosk

Fic. 3. Binding of Nef and Gag proteins ta skeletal matrix. Bacteria (50 ml) were grown 10 mid-log phase, and induced with 0 5 mi 100 mAZIPTG
and 50 ul 50 my/ml nalidixc acid for an additional 2-4 hr. Extracts were prepared as described in the text from bactena expressing NMT nlone
(N} or togethier with () Net-G or Nef-A proteins or (b) Gag-G or Gag-A proteins Rinding was performed with 300 uyg ot rocombm;aﬂ’. bactenal
proten and 300 yg HPBALL (LN) lymphod skeletal proteins as descnbed in the text at 18- 207 for 30 min. The reachon mixturne: was separated o,
uitrgcentntugation into 3 supernatant and pellet fraction, and 20 ul of each sample was analyzed by 109 SDS- PAGE and immunoblot with the
anti Net antibody or an anti Gag p24 antibody as described i the legend -¢ Fig 1 The Nef bands were 10 the hnear rinae of analysis ga
determined by a standard curve Specific binding of recombinant bactenal proteins to lymphowd skeletal protene, are dn:a(:ntuid At the bottom

Fig 42.
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To determine the specificity of the myristoylationenhanced Nef binding to
skeletal matrix, binding of HIV-1 Gag proteins was also analyzed (Fig 42b). The Gag
E ooli expression system, was similar to the Nef expression system, and used the gag
and pol genes of HIV-1l, which were detected with a rabbit anti-p24 polyclonal
antiserum. The predominant protein was 55 kDa representing the full Gag precursar,
and smaller amounts of 41- and 39-kDa proteins were also expressed which were
derived fram HIV-1 protease-specific scission at the pl17/p24 and p24/pl5 cleavage
sites. In this system, 30-40% of the Gag G protein (average 33%) bound specifically
to the skeletal matrix, and 30-45% of the Gag-A protein bound the pellet camponents
(average 38%). Thus, myristoylation did not enhance Gag association with the
skeletal matrix, asaitdidintheczsegf Nef.
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F1G. 4. Saturation binding and inhibition studies of the Nef interac-

tion with the skeletal matrix. {a) Protein extracts from Nef-G bactena

(0-75 ul. 0-1100 ug) were incubated with 500 ug HPBALL-LN skele-

tal proteins in 140 uitotal NTENT as described in Fig. 3 and the text.

{b) Extracts from Net-G bacteria (300 ng) were incubated with 300 ug

HPBALL-LN skeletal proteins that were not pretreated, or were pre-

treated for 5 min with the specific reagents, in a total volume of 100

ul NTENT, and fractionated a~ described in the legend to Fig. 3 and

the text. The amount of Nef specific binding to the skeletal matrix

was determined by SDS-PAGE, immunoblot analysis, and densitom-

etry as described in the legend to Fig. 3. All Nef-specific bands were

quantitated in the linear range of analysis as determined by a stan-

dard curve The residual protein contents of the cytoskeletal prepara-

tons, as determined with the Bradford reagent, after treatment with

specific reagents, compared 1o the untreated samples were as fol

Inws: 65% after 1 A NaCl, 58% after 1 5 M NaCl. 52% after 3 M

NaCl. 35% after 0 5% SOS, 72% after 2 M urea, 95% after 3 mA1

. mynstc acid, and 97% after 8 mM mynstc acid treatment These

Flg 43 cxpenments were repeated on three separate occasions with similar
reniults

The nature of the skeletal matrix binding site for the myristoylated Nef
protein was analyzed by saturation binding experiments and studies of reagents that
prevented Nef association with the insoluble matrix (Fig 43). With increasing
amounts of Nef-G protein extract, incubated with a constant amount of skeletal
proteins, saturacion of binding was achieved with approximately 25 ul (300 ug) of
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Nef protein extract (Fig 43a). The amount of Nef protein in this volume of extract
was 20 ug as determined by camparing the intensity of the Nef-specific band in the
bacterial extract to a standard curve using purified Nef protein (provided by the
AIDS Repository). Using 25 kDa as the molecular mass of Nef, this corresponds to
5 x 10" molecules of Nef required to saturate 500 ug of skeletal proteins. Thus,
thec.alc:ulatedmmberofs.keletalb1rxi.1n;51te£fc1rNe.f1sapplro|>nnmate=.ly2xlo7
sites/cell.

The association of Nef with the skeletal matrix ocould be inhibited with
progressively increasing concentrations of NaCl fram 1-3 M (Fig 43b). That 35-40%
of Nef bound to the skeletal matrix in the presence of 1.5 M NaCl suggests tight
interaction; however, b1rd1rgwasa1mstcarpletelyninb1tedw1ﬂ13MNacl This
may suggest that ionic interactions may be critical for Nef-cytoskeletal
interaction. Protein denaturants, SDS ard urea, could capletely prevent the
budngofNeftoﬂeqtodceletalmtrm,aggesmmﬁatﬂetenarysmmmeof
either Nef, the cytoskeletal binding site, or both is important for bimding (Fig
43b). Tt should be noted that the size or nature of the cytoskeletal pellet in
these experiments was not significantly altered in the presence of NaCl, SDS, ar
wrea. ﬁnxghpruteincmtmtsofﬁxecytcskeletmwrediministedtosmeactat
by these treatments (Fig 43 legerd), the effects on Nef binding were significantly
larger than those on the protein content. Finally, inclusion of 3 ar 9 mM myristic
acid did not affect the association of Nef with the skeletal fraction, suggesting
that the Nef binding factar is not merely a myristic acid binding receptar. This
is in agreement with the cbservation that myristoylated Gag did not assocaite with
the cytoskeletal fraction to a greater extent than its nomyristoylated countervart
(Fig 42).

The data presented here suggests that Nef protein derived fram three different
HIV-1 isolates is capable of associating the the T-cell cytoskeletal matrix, and
that the interaction is facilitated by myristoylation. It is possible that Nef
binds directly to a cytoskeletal protein such as actin ar tubulin, ar it is possible
that Nef interacts with a protein that binds directly to a cytoskeleton.
Additionally, it is possible that myristoylated Nef may bind to one cytoskeletal
binding site, while nommyristolyated Nef may bind to a distinct site. This may
explain the different binding patterns of these two farms of Nef. Alternatively,
both farms of Nef may bind to the same site, and myristoylation serves to pramote
ar stabilize this interaction. The results that 50-85% of Nef associated with
either the membrane or cytoskeletal fraction may reflect the fact that only 50-85%
of Nef proteins within the cells are myristoylated. Within intact cells, there may
be a dynamic statesxxilthatNefnay loczhzeardtranslocztemﬂmmoellsdepexﬂmg
upon differences in post-translational modifications, such as myristouylation,

phosphorylation, or glycosylation.

Previous studies regarding the localization of Nef have reported that Nef is
primarily extramiclear and that myristoylation is required for menbrane association.
However, these expeirments do not exclude the possibility that myristoylated Nef
associated with the cytoskeletal matrix as well. Other studies utilizing
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immunchistochemical methods suggest that Nef is present throughout the cytoplasm,
hut large amounts of Nef are located in a perimclear location as well.
Additionally, Ovod et al report that Nef was also present in elangated cytoplasmic
processes, ar pseudopods. Interestingly, perimclear concentration, and the
presence of Nef in pseudopods may be oconsistent with the possibility that Nef is
associated with cytoskeletal elements in that the microtubule arganizing center is
in a perimuclear location, and cytoskeletal campanents are present in pseudopads,
ard are impartant for their farmation. The results presented in the arrent study
are consistent with the previous studies in which cytoskeletal association of Nef
was not addressed.

The cell matrix includes the cytoskeleton and the memlrane matrix. It is
camposed of a framewark of fibers that maintain the structural integrity of the
cell, ard allow the interactiaon of cell surface receptors with membrane matrix and

cytoskeleton.

There are several interesting paralleles between Nef and two other
myrisotylated proteins, MARKCS and Src. MARCKS (myristoylated alanine-rich C-kinase
substrate) is ane member of a family of myristoylated proteins in macrophages and
neutrophils. It binds calmodulin and regulates cell activation and mitogenesis.
MARKCS oolocalizes with vinculin, talin, and protein kinase C in focal contracts
where the actin cytoskeleton albuts the substrate-adherent plasma membrane.
Furthemore, MARCKS can bind and cross-link actin and this bimding is regulated by
phosphorylation, calcium, and calmodulin. The first 14 amino acids of MARCKS,
including the myristoylation acoeptar site, are critical for its cytoskeletal
binding.

Myristoylation—dependert binding has also been shown far the ancoprotein, Src.
In this case, a specific membrane protein of 32 kDa was fourd to bind myristoylated
but not nommyristoylated Src. Myristoylated peptides correspading to the amino-
terminal sequence of Src were capable of inhibiting binding to the receptar, whereas
myristoylated peptides based on sequences of other proteins had no inhibitory
effects. Myristorlation is critical for Src-mediated transfarmation and previous
work suggests that ayristoylation may be critical for Nef effects as well.

The significance of skeletal matrix binding of Nef remcins to be determined.
However, recent findings have suggested that Nef disrupts signal transduction in T
lymphocytes, inhibiting both NF-kB and AP-1 generation by PMA and PHA exposure.
This may be due to an effect on the T cell receptor-(D3-protein tyrosine kinase-G
protein camplex, or an effect an protein kinase C activation. Cytoskeletal
interaction of one or more of these camponents or other important cell regulators
may be altered by Nef. This may account far the ability of Nef to downregulate HIV-
1 transcription and to inhibit T cell activation, which may reuslt in a reservoir
or persistently infected cells with repressed virus expression.

Several recent studies strongly suggest that Nef lacks GIP and GIPase
activities, and therefore, the proposed studies on these determinants were not
carried out.
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e) To determine effects of Nef on cellular ins including those which ma
modulate HIV-1 infectivity or replication

First, we investigated the impartance of the myristoyl group at the N-terminus
of Nef faor the downregulation of surface (D4. To do so, we used the following
oconstructs: Nef M+ (Nef from a chimera of HXB2 and HXB3), anmd two mutants created
by site directed mutagenesis. In the first mutant, Nef M-, an alanine codon
replaces the glycine codon at position 2 that has been shown to be essential for
myristoylation of the Nef protein. The second mutant, Nef ATG-, expresses a 25 kD
farm of Nef that is the product of translation fram the second methionine at
position 20 and is not myirstoylated. All three canstructs were transfected by the
DEAEde:drannetthnthuﬁcatJ?Scellsardthepmdm:tlmofNefproteJm
demonstrated by Western blot analysis using a rahbit polyclonal anti-Nef antibody
(Fig 44A). To examine the effect of the production of these proteins on (M4
expression, the following DNAs were co-transfected with the Nef DNAs: a fusion
protein consisting of the extracellular damain of the G glycoprotein of vesciular
stamatitis virus (VSV) and 23 amino acids from the extracellular damain and the
entire transmembrane and cytoplasmic damains of (4 (G-4), and the camplete G
glycoprotein of VSV (VSV-G) (Fig 44B). The results are shown in Fig 44C with a
tabulation of the mean chammel mumber and FACS tracings of the fluorescence
profiles. Surface expression of VSV-G was used to control far transfection
efficiency. Only thee cells carrying the Nef Mt gene efficiently downregulated G-
(D4 as campared with the control cells not producing Nef (Nef-). Surface expression
of G4 in the cells carrying the Nef M- and Nef ATG- constructs was equivalent to
that in the Nef- cells. These experiments show that Nef myristoylation is required
for downregulation of CD4.

The G-(D4 construct was also used to study the relevance of the phosphorylation
of Nef at position 15. We have previously shown that this is the predaminant
phosphorylation site upon T-cell stimulation by phorbol esters, and that
phosphoyrlation at this site results in the alwrogation of Nef effects on
transcription factc.s. Cell clanes carrying the Nef-1 gene (133) with a non-
phosphorylatable alanine codon at position 15, or carrying the Nef 2 gene (10H10)
with a phospharylatable threonine codon at position 15, or carrying no Nef sequences
(22F6) were transfected with G-(D4 or VSV-G. FACS analysis was performed to examine
the effect of the different forms of Nef on (D4 surface expression (Fig 45). Both
Nef 1 (133 cells) ard Nef 2 (10H10 cells) expressing cells downregulated surface (4
to a similar extent when campared with the nor-Nef expressing cells (22F6). These
results show that the effect of Nef on (D4 regulation can be reproduced in stably
transfected cells and that this effect is not altered by the presence or absence of
the phosphorylation acceptor threonine at position 15 of Nef.

The previous findings, in agreement with those of Anderson and colleagues, and
Aiken and colleagues, demonstrate that most of the extracellular damain of (M4 is
not required far downregulation by Nef. Experiments were next performed to study
the importance of the cytoplasmic tail of (D4 in the regulation of its surface
expression by Nef. Jurkat cell clone 22F6 (not expressing Nef) and 133 (expressing
Nef) were transfected with DNAs encoding the following proteins: VSV-G, G4, the
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entire (M4 molecule ((M4) and a construct expressing the extracellular damain, the
transmembrane damain and only the first 9 amino acids of the cytoplasmic damain of
(D4 (M4T-) (Fig 463). The endogencus level of (D4 expression an these cell clanes
was first evaluated ard found to be very low (data not shown), has been fourd far
other Jurkat cells. Thus, endogencus (D4 levels were taken into account as
backgramnd, and further (D4 surface expression was considered to be the result of
the transfection of the different INAs. The results are shown in Fig 46B. VSV-G
expression was used to cantrol for transfection efficiency. G-(D4 swurface
expression was downregulated in the Nef expressing cells as canpared with cells that
did not express Nef, ard to a similar level (about 7-fold) as cawpared to the
downregulation of (D4 in these same clanes. In contrast, (4T- surface expression
was not affected by the presence of Nef and similar levels were found on the 22F6
and 133 clanes. These results indicate that the cytoplasmic tail of (D4 is required
far Nef downregulation, and that the last 23 amino acids of the extracellular damain
plus the transmembrane and cytoplasmic damains of (D4 are sufficient far

downregulation by Nef.

To define the specific sequences within the (D4 molecule relevant faor the
interaction of Nef with (D4, DNAs encoding the following constructs were
cotransfected into Nef expressing cells (133) and cells not expressing Nef (22F6):
VSV-G ar G~(D4 as negative and positive cantrols plus (4, which has the entire 38
amino acid cytoplasmic (D4 tail, a construct expressing on the first 30 amino acids
of the cytoplasmic tail of (D4 ((D4—425), a canstruct expressing anly the first 23
amino acids of the cytoplasmic tail of (D4 ((D4-418), and a construct expressing
only the first 19 amino acids of the cytoplasmic tail of (D4 ((D4—414) (Fig 473).
The results are shown in Fig 47B. Only those cells exqressing the entire 4
molecule or the construct that included 30 of the 38 amino acids of the cytoplaswic
tail of (M4 showed downregualtion of stwrface expression in the presence of Nef. On
the cother hard, in the large majarity of cells, both the levels of surface (D4-418
ar (D4-414 were similar when camparing the 133 and the 22F6 clones. These results
indicate that the first 30 amino acids of the cytoplasmic tail of (D4 are critical
far Nef downregulation of (D4 and that the sequence between amino acids 419 ard 425
of the (M4 molecule contain amino acids relevant for the interaction of Nef with
(M4. These results were particularly interesting because these same amino acids
have been shown to be critical for the binding of pS6lck to (4.

In arder to further explaore the role of the lck-kinding region of (D4 far Nef
mediated downregulation, site specific mutants of (D4 were utilized. Using the same
methodology cootransfections were perfarmed now with VSV-G and G-CD4 plus (M4
constructs that included the substitution of cysteines with serines at positions 421
and 423, critical for lck binding to (4. As a control a construct was used with
a substitution of the proline at position 424 far a glycine. The results iidicate
that amino acid substitutions that affect the binding of (D4 to p561d< also affect
the downregulation of (D4 by Nef in lck-bearing cells (Fig 48), again suggesting
that the interaction between Nef and (D4 could ke mediated, at least in part, byt
he effects of Nef on p56lck.
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Because it has been shown before that Nef downregulation of (D4 is not
restricted only to lck-bearing cells, we next examined the effects of Nef an (D4
surface expression in the presence ar basence of p56lck. To do so, we used non—
lynphoid U937 cells expressing Nef or a frame-shifted farm of Nef, and cotransfected
these cells with a INA encoding faor pS61ck or an irrelevant INA (II2-CAT) plus DNAs
encoding far oconstructs G-M4 ar VSV-G. pS6lck expression was oonfirmed by
immunoprecipitation with a polclanal anti-lck antibody (data not shown). The
results are shown in Fig 48. In the absence of 1lck, Nef resulted in the
dowrregulation of G-CD4 in U937 cells, hut when 1ck was added downregulation of (D4
was increased by one log in repeated experiments indicating that Nef interaction
with p561ck results in a more efficient downregulation of CD4.

To further demonstrate the interaction of Nef with p56lck, the following
experiments were perfamed. Using the Jurkat T-cells expressing (133) or not
exqressing Nef (22F6), and transfected with (D4, we examined if the presence of Nef
results in a difference in the binding of pS61lck to Thy-1. Narmally, p56lck will
bind in a majority to (4, but when (D4 is internalized or in the absence of (M4,
most of p561ck remains at the surface membrane bound to other proteins like Thy-1.
First, we confirmed that koth clones 22F6 ard 133 contained the same amount of Thy-1
by immnoprecipitation with an anti-Thy-1 antibody (Fig 50a), and then that both
cell lines also contained the same amount of p56lck by immunoprecipitation with an
anti-lck antibody (Fig S0B). Then, we examined the amount of pS6lck in the
immunoprecipitates with anti-Thy-1. As can be seen in Fig. 50C, in the presence of
Nef (clone 133), the amount of lck bourd to Thy-1 was increased at least 4-fold when
canpared to the cells that did not express Nef (clone 22F6). This serves as further
proof that Nef has a direct effect on the binding of p56lck with membrane moleucles
like (D4 although the exact nature of this interaction is still unkown.

Finally, because it is well documented that the interaction between p56lck and
(D4 is related to the intermalization of (D4, we examined the possibility that Nef
could also affect the surface expression of (D4 by this mechanism.  Lymphocytic
cell lines show very low levels of (D4 endocytosis and the steady-state levels of
intracellular (M4 are also decreased when campared with non-lymphoid cells. A ten-
fold lower rate of (D4 endocytosis is found in lymphoid cells, as canpared to non-
lymphoid (D4 expressing cells, due to the effect of p56lck binding to (D4. This
effect requires the cytopolasmic Gamin of (D4. We used a flow cytametric method
to measure (M4 internalization i the presence ar absence of Nef. The results are
shown in Fig 50D. The presence of Nef resulted in an increase of internalized D4
by 2-3-fold when a steady state lewvel was reached (30 min), and an increase in the
rate of (D4 intermalization in the first 10 min fram 0.15%/min to 0.8%/min.
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Fig 48

78




Mechanisms of Cytot zricity of the AIDS Virus Contract No. DAMD17-90-C-0125
P.I.: Lee Ratner, M.D., Ph.D. Basic

ICK - ICK +

U-937

CELL COUNT

U-937 NEF

Fig 49.

79




Mechanisms of Cytotcxicity of the AIDS Virus Contract No. DAMD17-90-C-012S
P.I.: Lee Ratner, M.D., Ph.D. Basic

A) 22F6 133

=7 = «Thy-1

B)

= <= clock

C)

== «lck

L ,
Crown Y e ~yea 3T dalie

J

15 min 30 min
133 30% 32%
22F6 12% 15%

Fig 50.
Table 1. Percentage of internalized CD4 in Jurkat human T-cells expressing Nef
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We have also perfamed immungold/electron microscopy studies to map the
subcellular localization of Nef. As a prelude to these studies, we first perfarmed
immmnofluarescence studies with a polyclanal anti-Nef antiserum on nef- (HPBALL/IN)
and nef+ (NPBALL/LnefSN-S1) cells. As shown in Fig 50, the cells are generally
round and contained a large kidney-shaped mucleus that filled most of the volume of
the cell. The cytoplasm was polar and was most abundant near an indentation of the
ncleus, typically seen in T cells. In nef+ cells, the anti-Nef antibody revealed
2 hamogoenous labeling of the cytoplasm (Fig 508). In general, the distribution of
Nef seems polar, but this is evidently due to the polar distribution of the
cy.oplasm; the thin ring of the cytoplasm surrounding the mucleus, when visible,
also showed labeling. The mxclei, in general, showed little or no fluorescence (Fig
50A). However, focusing of the muclei at differnt planes revealed narrow bands of
fluorescnece in same muclei (Fig S0B). These bands were seen in 8 of the 89 muclei
examined and each nucleus showed only one band. The bands are very faint amd
required lang exposure to photograph them. No fluaresecne was observed in nef-
cells incubated with the anti-Nef serum (Fig 50C) or in nef+ cell sincubated with
normal rakbit serum (Fig 5S0D), although several hundred of these cells were
examined.

The technique used far immmnogold labeling was the post-embedding method.
Fixed and dehydrated cells are embedded in a water-soluble embedding resin (IR
White) and sectioned, amd sections are incubated with primary and secondary (gold-
oonjugated antibodies). We have maintained three sets of controls to ensure the
specificity of the antibodies used. First, we perfarmed the immunogld labeling with
anti-Nef antibodies using sections of HPBALL/IN control cells (nef-). As shown in
Fig 51A, the nonspecific binding of the anti-Nef antibodies in these cells was
negligible. Secord, as a control far nonspecific bimding of primary and gold-
conjugated secondary antibodies, we performed immmnogold labeling on nef+
(HPBALL/LnefSN-S1) cells using normal rabbit antiserum followed by gold-conjugated
anti-rabbit antibody. The results illustrated in Fig 51B show that neither the
rabbit serum proteins, nor the secondary antibodies bind nonspecifically to nef+
cells. Finally, to check far the specificity of labeling of subcellular structures
by immmogold labeling method used here, nef+ cells were labeled with anti-vimentin
(intermediate filament) specific antibody. The intermediate filaments are readily
identifiable cytoplasmic structures that provide convenient markers to test the
resolution and specificity of immmogold labeling. The results illustrated in Fig
51C show the exclusive distribution of label over the 10-nm intermediate filaments.
Little or no labeling in the mucleus was observed in any of these controls. These
studies suggest that the immunogold technique use here provides specifci labeling
of subcellular structures.

when T cells expressing Nef (HPBALL/LnefSN-51) were examined by the immungold
labeling method, the results were as follows. 1n a few sections of the muclei, the
label due to Nef was detected in highly localized tracks tnat extend between the
muclear envelope and the nucleoplasm. Fig 53 illustrates these tracks in sections
of threc different nuclei (A-C). The lorgest of the tracks measured about 7 um (Fig
53A) and the tracks appeared to cammence/terminate at the cytoplasmic side of the
ruclear erivelope (Fig 53B). The tracks were seen in only 4 nuclei among 100
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examined, and serial sections revealed anly ane track per nicleus. It is possible
that these tracks may occur with greater frequency than that observed but that they
are not detectable due to technical reasans. The tracks occur in thin bands and
ocapy a fraction of the total muclear volume and, therefare, their detection would
deperd on their perfect aligmment to the plane of sectioning. In addition to the
tracks, a small amount of label is also found in the mucleoplasm but the mucleoli
are totally free fram the label. These tracks may correspond to the fluarescnece
bands observed in a few muclei by the immunoflucrescence method (Fig 51B). A
tharough examination of sections of hundreds of muclei of nef- cells incubated - "*n
anti-nef serum and nef+ cells incubated with normal serum has failed to reveal ny
muclear labeling. In fact there is anly ane other instance in published literature
concerning a miclear protein that forms tracks in the mucleus. A study by Meier and
Blobel has shown that a nucleolar phosphoprotein (Noppl40) of rat liver cells
shuttles on tracks that extend between the mucleolus and nuclear pore canplexes.
The Nef tracks are different fram the Noppl40 tracks in that they traverse the
rucleoplasm with no relationship to the mucleolus.

Fic. 2. Immunofluorescence analy-
sis of Nef* (HPBALL/L nefSN-S1) and
Nef~ (HPBALL/LN) cells with antise-
rum against Nef. (4) Nef* cells labeled
with the anti-Nef antiserum show label in
the cytoplasm. (B) The Nef* cells labeled
as in A were focused on the interior of the
nucleus. Note a fluorescent band across
the nucleus. (C) Nef- cells labeled with
the anti-Nef antiserum were not labeled.
(D) Nef* cells labeled with normal rabbit
serum were also not labeled. (x800.)

Fig 51.
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FiG. 3. Electron micrographs of controls for the immunogoid
labeling technique. (A4) Nef- cells were incubated with polyclonal
anti-Nef antiserum followed by gold-conjugated anti-rabbit antibody.
Labeling of cytoplasmic and nuclear components is negligible. (B)
Nef* cells were incubated with normal rabbit antiserum followed by
gqat anti-rabbit antibody conjugated with gold particles. No nonspe-

1beling of either cytoplasm or nucleus is evident. (C) Nef* cells

- incubated with a monocional anti-intermediate filament (vi-

mentin) antibody followed by gold-conjugated (anti-mouse) second

antibodies. The label is seen over intermediate filaments (IF). M,

pig 52. mitochondrion; C, centriole; N, nucleus; Cy, cytoplasm. (4, x8100;
B, x8550; C, x19,800.)

In the cytoplasm (data not shown) the label due to Nef was most abundant near
the indentation of the mnucleus as was the case with cells processed by
yrmmfhmmcnece (see Fig 513) ; this region contained most of the cell arganelles,
including the microtulule arganizing center, Golgi camplex, and vesicles.

}thasbeenhypo&esizedtlatﬁetrarsportof%ardproteirsmnsm
speCJ.fic tracks in the nucleus, and these tracks may be ocawposed of cytoskeletal
filaments (e.g. microfilaments, microtubules, or intermediate filaments). To
determine if any of these filaments faorm tracks within the mucelus of T cells, we
havg conducted imminogold labeling studies with anti-tubulin, anti-vimentin, and
ar)tl-aqtm antibodies. The nmuclei remained largelvy unlabeled with either anti-
vimentin (Fig 51C) ar anti-tubulin antibodies (data not shown). However, anti-actin
antibodies showed same labeling of the nuclei (Fig 54). Although not as clear as
Nef tracks, the label due to actin showed a preferential aligmment in the mucleus.
Additionally, short tracks of actin were seen extending between the nuclear
envelope and the mucleoplasm (Fig 54). These results are oconsistent with previous
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biochemical evidence far the presence of actin in the nucleus and its proposed role

in the

Fig 53.

shuttling

15 R 8

FiG. 4. Electron micrograph
showing immunogold labeling of
the nuclei of three different Nef*
cells. Note the tracks of gold par-
ticles extending from the nuclear
envelope to the nucleoplasm in A
and B. (A) Arrows mark the track
of Nef label. (B) The tracks of Nef
appear to originate in the cyto-
plasm (arrowhead). (C) Part of the
Nef track at high magnification.
NE, nuclear envelope; Cy, cvio-
plasm. (A, x23,800; B, x30,800;
C, x56,700.)

The localization of Nef in the mucleus also led us to search for a muclear
localization signal in the nef sequence. Since Nef is found in the rmucleoplasm and
not in the mucleolus, we focused on localization sequences on rucleoplasmic
proteins. Previous studies with Xenopus ococyte muclear proteins (rucleoplasmin and
N1) have shown that these proteins share a bipartite miclear targeting motif. The
motif consists a 16-amino acid sequence with two basic residues at the amino
terminal end, 10 "spacer" residues, and a cluster of 4 basic residues at the

carboxyl-terminal end (see below).

Anino acids in both basic damains are required
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for nuclear targeting amd the transpoart defect of a mutation in one damain is
amplified by a similtanecus mutation in the other. In addition to Xenopus proteins,
a number of eukaryotic and viral nuclear proteins contain this motif. The SF2 clane
of Nef used here also shares this motif:

The presence of the nuclear targeting sequence may be required but not sufficient
for the mclear localization of Nef. Indeed, a substantial fraction of Nef appears
to be cytoplasmic associated with arganelles and cytoskeletal elements, suggesting
that it may dismupt host cytoplasmic activities. It is still possible that a
fraction of Nef has a nuclear fucntion that is yet to be identified.

Fi1G. 5. Electron micrograph showing immunogold labeling of the
nucleus of Nef* cells with 2 monoclonal anti-actin antibody. In the
nucleus the actin label shows preferential alignment along tracks.
(Inset) Short track of actin label near the nuclear envelope (NE).
(x27,000; Inset, x46,800.)

Fig S4
f) To determine the role of Nef in HIV-2 and SIV replication

Experiments on the replication of SIVmacl02 and SIVmac239 Nef+ and Nef- clones
have been campleted.

g) To_determine the role of Nef in vivo with animal model

The SIVma~239 clanes used far our analysis of Nef have already been studied by
Desrosiers and colleagues in rhesus macaques, and these investigators demonstrated
that Nef was critical for pathogenciity. Our studies in vitro with those virus
strains and with the HIV-2 strains should provide important information in
explaining this finding. One possibility is that Nef is required far establishment
of a state of "latency" in vivo, and that in the absence of Nef, infected cells are
rapidly lost due to lysis or immmne clearance.

85




Mechanisms of Cytotoxicity of the AIDS Virus Contract No. DAMD17-90-C-0125
P.I.: Lee Ratner, M.D., Ph.D. Basic

studies in scid-hm mice with the HIV-1 clones were perfarmed after the initial
stidies autlined in 1.i. However, insufficient fumds were available to camplete
this task due to severe budgetary cuts in the last six months of the project.

h) To determine the role of Nef in modulating manifestations of HIV-1 infection

Blood samples from 48 patients were anal for immunological markers. D4+

1 comnts ranged fram 0 to 1280/ mean 352/mr; narmal range 1000—

); D4 percentage ranged fram 0 to 52% (neanZO%);G)Bi»petcent:agexarged

fram 22 to 85 (mean, 55%); and (D4/CD8 ratio ranged fram 0 to 1.81 (mean 0.21). The
subjects are listed in Fig 55 according to increasing 4+ lymphocyte counts.

As shown in Fig 56, HIV RIAs were detected with nested sets of PCR primers.
The locations of primers within the HIV gename ard relative to each other are shown
in Fig 56B-D. Primer pairs far gag and pol were designed to amplify unspliced RNAs
(Fig 56B), and primer pairs for env-spliced (Fig 56C), tat (Fig 56D), nef (Fig 56D)
arnd nef-sequence (using primers S7B and NefAS in the first round and primers 8306
and 9134 in the second round, Fig 56E) were designed to amplify spliced mRNA.
Whereas primers for env—-genamic are capable of amplifying both unspliced ard single-
spliced transcripts, primers for env-spliced amplify only spliced env mRNA. Two
different sets of primers were utilized for nef mRNA which amplify products of 108
bp (nef) or 828 kp (nef-sequence). For RNA preparations in which HIV-specific
transcripts were not detected, the quality of the RWA was confirmed by RI-PCR with
beta-actin primers (Fig S6E).

The results of the nested PCR assays for HIV RMA with seven different sets of
primersarestnminFigSS. Of the 48 patient samples that were analyzed with all
7 sets of nested primers, 45 (93.8%) were positive with at least 1 set of H.V-
specific primers. The three samples in which no HIV-1 transcripts were detected
were obtained from patients with (D4 cell counts of 383, 587, and 902/mv,
respectively. None of the latter patients had received antiretroviral therapy.

When nested primers were used far the detection of unspliced RNAs, the gag
primer set yielded 29 or 48 (60%) positive results, the pol nested primer set
yielded 30 of 48 (63%) positive results, and the env-genamic nested primer set
yielded 31 of 48 (65%) positive. All of these primer sets should detect unspliced
RNA, whereas the env-genamic primer set should also detect spliced env RNA species.
There was good correlation between the results with gag and pol primer sets, with
23 sanples yielding positive results with both primer sets, 6 samples yielding
positive results with the gag primer set but not the pol primer set, and 7 sanples
yielding positive results with pol primer set but not the gag primer set.
Discordances may be due to sequence variation at sites of binding of individual
primers. Twenty-two samples were nositive with env—genamic primers as well as both
gag and pol primer sets, 5 samples were positive with env-—genamic primers and gag
or pol primer sets, 4 samples were positive with env-genamic primers, but neither
gag nor pol primers, and 11 samples negative with env—genamic primers were positive
with gag and/or pol primers.
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TABLE |. IMMUNOLOGICAL MEASUREMENTS AND POLYMERASE CHAIN REACTION RESULTS ON PATIENT COHORT

Contract No. DAMD17-90-C-0125
Basic

Immunological PCR results
Patiem CDC CD4* CD4 CD8 CD8 env env
No. class  (No.) (%) (No.) (%) T4T8 AVT® gag pol (genomic) (spliced) 1at  nef nef-seq
1 C3 0 0 223 62 0.0 Yes + + + - - _ _
2 C3 0 0 529 S5 0.0 Yes + + + + - - _
3 C3 6 7 37 41 0.16 Yes + + + - - - —
4 B3 8 1 424 st 0.02 Yes + + + + - + -
5 C3 8 1 178 22 0.04 Yes + + + + - - -
6 C3 10 5 19 57 0.08 + + + — - _ -
7 C3 23 2 897 79 0.03 - + + + - - +
8 B3 24 2 722 59 0.03 Yes + - - - - - -
9 B3 32 S 486 76 0.07 Yes + + + - -~ + -
10 B3 62 4 1287 83 0.05 + + + - + + -
L1 B3 86 8 713 66 0.12 + - - - - - —
12 B3 105 5 390 47 0.11 Yes + - - - - + -
13 A3 137 6 1938 85 0.07 - - - - -+ +
14 A3 177 12 854 58 0.21 Yes - + + - - + -
15 B3 185 19 614 63 0.30 - - + + - + +
16 B3 191 1t 1180 68 0.16 + + + + - - +
17 B3 195 21 492 53 0.40 + + + - + + -
18 A2 255 16 894 56 0.29 - - - + - + +
19 B2 259 16 875 54 0.30 + + + - - + -
20 A2 281 15 1161 62 0.24 + + + + - + -
21 A2 297 25 654 55 0.45 - + + - - - -
22 Bl 306 29 444 42 0.69 - - + + - - -
3 B2 333 17 1420 58 0.29 - + - + -+ -
24 B2 336 28 576 43 0.65 + + - - - + -
25 A2 358 23 935 60 0.38 + + + - - + -
26 B2 365 28 770 59 0.47 + - + + - + +
27 A2 370 22 959 57 0.39 + + + + - - -
28 B2 370 14 1614 61 0.23 + + + + - - -
29 B2 383 25 826 54 0.46 - - - - - - -
30 A2 390 29 685 51 0.57 - - - - - + -
31 A2 392 30 626 48 0.63 - - - + - - -
32 A2 408 17 1392 58 0.29 Yes + + + + + + -
33 A2 421 20 1221 58 0.34 - - + + - - -
34 A2 424 16 1962 74 0.22 + + - - + + +
35 C2 426 36 463 39 0.92 + + - - - - -
36 A2 434 29 763 51 0.57 + + + + -+ -
37 A2 460 31 728 49 0.63 + - - - - - -
38 A2 490 28 998 57 0.49 + + - + - + +
39 Al 535 25 1214 59 0.44 + + + - - + +
40 Al 560 32 980 56 0.57 - - - + - - -
41 B1 564 18 1942 62 0.29 + + - — - + -
42 Al 569 19 2065 69 0.28 - + + + — -
43 BI 587 26 1331 59 0.44 - - - — - - —
44 B1 647 33 902 46 0.72 + - — - —
45 Al 686 26 1399 53 0.49 Yes - + - - + -
46 Al 822 31 1405 53 0.59 + - 4 - i
47 Al 902 52 520 30 1.73 - : - - -
48 Al 1280 49 700 27 1.81 1 -

*AVT, antiviral therapy: ves. patients were known to have been on therapy within the previous 6 months: blanks indicate patient
had not been on therapy
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FIG. 1. HIV-1 RNA RT-PCR analysis. (A) The schematic
drawing of the HIV-1 genome is shown with the nucleotide
positions relative to the RNA initiation site indicated above.
Genes encoding structural proteins and regulatory proteins are
indicated separately. (B) The unspliced transcript that encodes
Gag and Pol proteins is indicated as well as the positions of the
D. Muupte . ne.s(ed primer sets in_each. gene. Arrows‘indic.a(e posi(if)ns of the
* Spliced "{%"’ s _Jun [ primers, and the designation for cach primer is shown in thg box
[ oo ™ asve et above or below the arrow. Nucleotide positions of the primers
= are indicated outside the boxes. The nredicted sizes of the
E. products of the nested PCR reactions are underlined and indi-
Mgz | Amnealing | Number cated below the boxes. In the case of env-genomic products, the
Conc | Temp |ofcycles actual product size was 22 bp larger than the genome locations
ot istRound | 7mM 47°C 24 'would_indicalc because of lhf: addition of l.l bp on eaci: [ mimer,
= 2ndfound | 3nM | $3°C | 29 including an EcoRI restriction enzyme siic. (C) The swale-
pol ;sn!dﬂm ;m"': :;:g ;: spliced transcript encoding Env and Vpu products is indicated
with the dotted linc indicating the intron that is removed by
Sromc ot Feund | A ;:'g poe splicing. The nested env-genomic primers are indicated. as well
as the env-spliced primers. (D) The multiple-spliced transcripts
§_?—P;_c'e£ 250M s3'C 29 are represented by a schematic showing onc of the tar mRNAs,
wromd | e e P In cach case, the ﬁrst' round of PCR was performed with prnimers
1at 2nd Round | amM 52°C 35 S1 and S!1 shown in the 5'- and 3'-most exons. The second
ot Foond | 2t s2°C s round of PCR was performed with primers S4B (for zar mRNAs)
oet 2nd Round | 3mM s2°C 3s or S7B (for nef mRNAS), both of which span the first splice site.
Py w hoad | 3 56°C s and with primer LA4 1, found in the 3"-most exon. The predicted
sequence 2nd Round | 3mM s8°C 3s nested PCR product sizes for tar and nef transcripts are under-
gactin 22mM P 29 Iinclq aln(; indicated to the right. (E) Reaction conditions for PCR

are listed.

Fig 56

Mmrnstedsetsofprinersmreusedforthed.etectimofsplioedm‘IAs,'theenv
spliced primer set yielded 21 or 48 (44%) positive results, the tat set yielded 3
ar 48 (6.2%) positive results, nef primers yielded 28 of 53 (53%) positive results,a
nd the nef-sequence primer set yielded 9 of 48 (19%) positive results.
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Discrepancies between the two different nef primer sets may be due to sequence
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heterogeneity, as well as to the lower sensitivity of the nef sequence primer set
campared tot he nef primer set.

TABLE 2. KENDALL TAU b CORRELATION ANALYSIS BETWEEN PRESENCE OF HIV-1 RNA

TRANSCRIFTS AND IMMUNOLOGICAL PARAMETERS

Correlation cocefficient (P)

coc? cnct
Gene CD4 CD4 (%) CDS8 CD8 (%) CD4ICD8 clin cliniCD4
gag -0.25 -0.24 -0.18 -0.02 —0.21 0.36 0.38
(0.03) (0.05) 0.13) (0.90) (0.08) (0.01) (0.003)
pol -0.17 -0.25 0.02 0.09 -0.22 0.16 0.16
(0.16) (0.04) (0.88) (0.47) (0.06) (0.25) (0.22)
env-gen  —0.22 -0.29 -0.07 0.20 -0.27 0.12 0.13
(0.06) (0.02) (0.56) 0.11) (0.02) (0.40) 0.31)
nef 0.09 0.006 0.20 0.10 0.009 -0.27 -0.15
(0.94) (0.96) (0.09) (0.43) (0.94) (0.05) (0.24)
nef-seq -0.08 -0.02 0.21 0.28 —0.04 ~0.09 -0.05
(0.95) (0.87) (0.08) 0.02) 0.72; (0.53) (0.71)

*CDC classification of HIV infection based on clinical status. Categories are (1) asymptomatic,
(2) symptomatic, non-AIDS, and (3) AIDS-indication illness.
"CDC classification of HIV infection based on clinical status and CD4 cell count. Above

ca(e‘gczx;ics are subdivided into three groups: CD4 count >500/mm®, 200-499/mm”. and <200/
mm*.'?

Fig 57

Kendall Tau be carrelation coefficient: and p values of significant inverse
correlations were detemined between results of transcript detection and
immunological parameters and clinical parameters. Fig 57 shows the results o_f these
calaulations for transcripts that either approaches or attained statlstlcal
significance when correlated with various immunological parameters. Statlst.unl
significance (at the level of p<0.05) was achieved in the correlation of gag
transcripts with (4 cell count, COC clinical stage, and (DC clinical/(D4 stage, pol
transcripts with 4%, env-genamic transcripts with 4% and nef-sequence
transcripts with (D8%.

Sequences from nef transcripts fram 7 patients have been determined and a
single expression clane fram each patient derived for functional studies. In
addition, we examined the evolution of the nef gene in sequentially derived samples
of adults infected with HIV-1. Since the nef protein is partially encoded by
sequences within the U3 region of the 3'LIR, and the dual functions of these
overlapping sequence may place additional con. raints on nef evolution, the cnrent
analysis examined sequences fram the entire U3 region as well. 'Iheaxrrentstuiy
is novel in that sequences are derived fram early as well as late stages of disease,
unlike several previous studies of nef and LTR evolution.
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Four subjects (S1-S4) were identified fraom wham peripheral blood momuclear
cells (PEMCs) were obtained over a 2.5-4.5 yr period. The first time point (A ar
D)msselecbedatﬁeearhestmneafta'semomverslmmmmulyn;imyte
count was >900/mr’. The intermediate time points (B) sere selected when the D4+
lymphocyte caunt was 400-800/mr’. The last time point (C ar G) was selected at a
time when the D4+ lymphocyte comt was <400/mr’. The same samples were used in an
earlier study examining sequence variation in the V3 coding damain of env.

MNA was isolated fram the uncultivated PBMCs, and PCR was perfarmed with a
nested set of primers. PR products were digested with Hind IIT, ard claoned into
pUCc9. Eight independent clones were selectived and camplete sequence analysis
perfarmed on both INA strands of the plasmids by the dideoxy sequencing method. Tag
polymerase induced errors ar other cloning associated errars contributed minimally
to the sequence diversity noted in this study, based on control experiments
measuring the nucleotide misincorporation and recambination rates generated under
our PCR anplification canditions, in agreement with previous studies.

Predicted amino acid sequences for Nef are shown for each of the four subjects
in Fig 58. The first sequence abtained from each subject art the earliest available
time point is shown, and differences in other clones fram the same subject are
indicated below.

Levels of ncleotide and amino acid sequence diversity are shown in Fig 59.
In addition to the level of seouence diversity in the entire nef gene, tabulations
wereperfmredsepamtelyfarﬂ)es'portlmofrefmldadmsmtoveﬂapﬂnm
and the 3'portion of nef which overlaps the LTR. Intraperiod, interperiod, and
interpatient diversity were also determined.

At the earliest time point, 0-1.3% nef muclectide and 0-3.2% amino acid
diversity was noted for subjects S1, S2, and S4 (Fig 59). No early time point
samples were available for S3. At later time points, 0.4-3.5% muclectide and 0.6-
6.3% amino acid sequence varaition was noted. Though subjects S1 and S$4
demonstrated higher levels of sequence variation at late points campared to the
earliest time points, sequences far subject S2 showed camparable level of diversity
at time points A ard C.

Interperiod diversity was higher than intraperiod diversity, with 1.2-6.5% nef
mxclectide ard 2.7-13.8% amino acid variation (Fig 59). Intrapatient diversity
was generally higher than intrapatient diversity, with 5.8-10.8% nef muclectide and
10.7-20.3% amino acid diversity.

Sequence diversity within Nef was not uniform over the length of the predicted
protein product. The initiator methiaonine codon was conserved in all seguences
described in Fig. 58, and all previously reported sequences except one. Glutamic
acid residues at positions 62-65 were well oconserved, as previously reported, but
substitutions with glycine, lysine, or aspartic acid residues are noted in clones
49-50, and 53-80. A tetrad repeat of proline residues at residues 69-78 were
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alteredmmlyafedmstaras(clmmard%) arxiwmenobedprewwslytobe
omnserved. A Gly-Pro-Gly sequence at residues 130-132, similar to that in the V3
1ocpofthe}[[V-1erwelopearﬁ;medlcbedtoformabeta—tum were also well
oconserved (except clane 25), as previously noted.

similar to those described in camparisans between different infected subjects (Fig.
58). A protein kinase C phospharylation site at Thr-15 was frequently altered to
Ala (clanes 9-19, 21-25, 29-37), Lys (clanes 49-50 ard 70), or Arg (clones 64, 65,
68, 69, 71-80), as previously reparted. The presence of Thr at this position
alrogates transcriptional effects of Nef, but does not affect the ability to
downregulate cell surtace (D4 expression. This residue is located within a highly
polymorphic region of Nef, including amino acids 8-15 (clanes 5-11, 16, 18, 53-57,
60-80) (21, 68), which has also been implicated as a nuclear localization signal.
A potential protein kinase phosphorylation site has also been described at Thr-80,
within conserved residues 77-82 (exoept clones 63-66, 68-72, and 74-80) hut it
remains to be demonstrated that this residue is actually phospharylated. The
potential casein kinase II phosphorylation site noted at residues 157-160 in 24 of
54 sequences reported by Shugars et al, is altered in all clanes described in Fig.
58. The potential tyrosine kinase recognition site at positions 94-102 noted in 36
of 54 sequences of Shugars et al. and 7 of 60 sequences of Delassus et al. is
present in 29 of the 63 Nef protein sequences in Fig. 1. Gly-99, previously shown
to be impartant for Nef stability was altered to Arg in clones 5-8 and 10-11.

Met-20, vwhich may serve as an intermal initiatar codon, was well conserved,
altered to Ile in only clones 16 and 18. A variable duplication has been described
for residues 23-25 and is noted in clones 1-8. Cys-142 was previously shown to be
important for Nef stability and was campletely conserved in the sequences analyzed
here ard previously. In contrast, Cys-168, shown by Zazopoulos and Haseltine to be
inportantforNefactivitywasprmamtmlymclcre% and in none of the 60
clones analyzed by Delassus et al. Cys-55, which was not found to be required tar
Nef activity was well conserved, zltered only in clone 8. Asn-127, a potential
glycosylation site noted by Guy et al, but not thought to be critical for Nef
activity was oconserved in all sequences except clone 36, and all 60 seguences
reparted by Delassus et al.

Several novel and potentially important amino acid changes, which were not
previously reported, were noted in this study. Alteration of Gly-2 to Cys in
predicted Nef products fram clones 61 and 62 alter the myristylation acoeptor signal
of Nef. These alterations should prevent myristylation, which is impartant for Nef
memtrane and cytoskeletal association, cell surface (D4 downregulation, and
suppression of HIV transcription. Other novel amino acid substitutions were noted
at positions 12 (Arg in clones 16 and 18), 19 {Gly in clones 1-4), 21 (Asn in clones
9, 12-19, 21-25, 29-37), 38 (Gly in clones 21, 22, 24, 25 and 33-36), 85 (Phe in
clone 5-8 and 10-11), 86 (Tyr in clones 6-7), 92 (Asn in clone 19), 102 (Trp in
clones 1-8 ard 11), 120 (His in clones 1-4, Phe in clones 5-8 and 11), 128 (Ala in
clone 31 and Ser in clones 53-65, 67, ard 69), 139 (Cys in clones 53-72 and 77-80),
159 (Arg in clone 8, Glu in clane 21-25), and 201 (Lys in clones 1-4, 16, and 18)

Premature stop codons have been noted frequently at position 124 in previous
studies, including 6 of 54 sequences described by Shugars et al. Though premature
stop codons were not identified at position 124 in the amrent study, a premature
stop codon was noted in clone 24 at position 141, and premature stop codons arose
at positions 92 (clone 35) and 100 (clones 73-76) as a result of frameshift
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mrtations. Premature stop codons were noted at positions 22, 57, 84, amd 104 in
HIV-1 Nef ard at position 93 of SIVmac239 nef. Premature stop codons have also been
reparted within the open reading frames of HIV-1 sequences for tat, rev, pol, amd
env.

The analysis of Nef sequence variation in this study and V3 envelope sequence
variation fram the same patient samples allows a direct camparison of the results.
In both cases, intrapatient imtraperiod diversity was generally lower than
intrapatient interperiod and interpatient diversity. Rurthermore, higher levels of
intraperiod diversity were generally identified at later time points as campared to
the earliest time point for each subject. Similar results were abtained when Nef
sequences fram adults with primary HIV-1 infectiaon were campared to those abtained
fram their HIV-1 infected sexual partners, and when Nef sequences derived fram HIV-1
infected PRMC transcripts from individuals with >450 (4 lymphocytes/mw® were
canpared to those from individuals with <450 (D4 lymphocytes/md.

Studies of V3 ernvelope diversity have consistently shown increasing levels of
sequence diversity from early times of infection to later stages of disease.
Moreover, V3 sequence heterogeneity was found to be lower in infected necnates
campared to that in their infected mothers amd in adults with primary infection
oampared to their infected sexual partners. In addition, several studies have shown
lower levels of interpatient V3 envelope sequence diversity among HIV-1 clanes
obtained early after infection, campared to that found at later times of disease.
Sequences obtained within a few months after infection were highly hamlogous with
the Narth American consensus V3 envelope sequence and sequences determined to be
important for regulation of HIV-1 infection of macrophages. In ocontrast,
intraperiod Nef sequence variation did not always increase in magnitude over the
ocourse of disease in vivo, as shown by the results with subject 2 of this study.
Mareover, interpatient Nef sequence diversity at the earliest time points was
camparable to that identified at later time points (not shown).

Nuclectide sequences are provided in Fig. 60 far a portion of the 3'LIR
(mucleotides -228 to +79, mumbered relative to the RNA initiation site) fram all 80
clones of the four subjects. This includes sequences downstream of the nef
termination codon at positions =124 to -122, NFKB binding sites at —-104 to -95 and -
90 to -81, SP1 binding sites at -77 to -68, —-65 to -57, and -54 to -46, TATA
sequence at -27 to -24, the TAR stem 1 at +1 to +29, the TAR loop at +30 to 435, the
TAR stem 2 at +36 to +58, and the polyadenylation signal at +74 to +79.

Sequence diversity in the portion of the LIR following nef is camparable to the
portion of the LTR overlapping nef, as well as the portion of nef preceding the LIR
(Fig 59). At the earliest time points, intrepatient intraperiod diversity for the
partion of the LIR following nef was 0-1.9%. At the later time points, intrapatient
intraperiod diversity was 0.3-2.9%. Intrapatient interperiod diversity for this
portion of the ITR was 0.4-3.7%, lower than that found for nef. Interpatient
diversity was 3.1-6.7%, lower than that fourd for nef.

92




Mechanisms of Cytotcxicity of the AIDS Virus Contract No. DAMD17-90-C-0125
P.I.: lee Ratner, M.D., Ph.D. Basic

The cellular transcription factar, NF-kappa B, recognizes the motif GGGGACTTCC,
which oocaurs twice in the HIV-1 ITR. Pettersson and Schaffner have demonstrated
synergistic activation of transcription by multiple binding sites campared to that
found with a single binding site. These sites mediate responses to T—cell ard
macrophage activation signals, asv.ellasvn'alge'xeproductsfmnherpsnnxss
and other retroviruses. Substitution of C at position 6 with A (clane 61) is
predicted to have no effect since this matches the NF-kappa B-binding site in the
beta interferon gene pramcter. However, substitutions at position 3 (clone 68), and
position 7 (clones 14 and 68) are more likely to dismupt NF-kappa B binding.
Naturally occwrring HIV-1 isolates with deletians and/ar duplications in the NF-
kappa B binding site have been described previously.

The cellular transcription factar, Spl, recognizes an assymetric decanuclectide
sequence, (G/T)GGGOGGPuPUPy. The affinity of binding of Spl to this site is
determined by the match of the given sequence to the consensus sequence. A single
Spl site can activate transcription, and although site ITI (distal site) has the
highest affinity for binding Spl, it is clear that sites I and II are impoartant in
activation of transcription from the HIV-1 pramoter. Transversions at specific
mnuclectides may or may not have significant effects on transcription. Single G to
C transversion mutations at positions 4, 6, 7, ar 8 reduce the bimding of Spi,
although a G to T transversion at position 7 is acoeptable, as seen in site IIT with
clanes 9 and 10 fram subject 1, and all clones fram subject 2. Guanines at
positions 3, 4, 6, and 9 are highly preferred, but purines at positions 2 and 8 are
equivalent. Positions 1 and 10 within each binding s.te have the greatest
flexibility, and multiple mutations are found at these positions in site IIT in
clanes fram subject 4.

The TATA sequence at nuclecotides -27 to -24 is required for correct viral RNA
initiation and serves as a binding site for several cellular factors. In addition
it mediates transactivation by a cytamegalovirus immediate early protein. Mutation
of the highly conserved T at position 3 in this motif as is foud in clones 1-8, 11,
43-48, 78, ard 80 is predicted to significantly reduce the binding activity of this
motif.

TAR is a cis—acting RNA element localized to muclectides +18 to +44. Tat
function requires direct interaction with TAR. The TAR element is a stem-loop
structire with a 6 micleotide loop, and a bulge in the stem below the loop. The
loop is not required for Tat binding, but is essential for Tat function, amd is
oonserved in all the clones shown in Fig. 60. The hulge structure in TAR (U,QU) is
essential far Tat binding, and deletion of the bulge markedly reduces Tat binding
in vitro.

Specific muclectides are required far optimal Tat-TAR recognition, and these
include U,, as well as mucleotides 17, 28, 32, and 34. The G,—Cy and A,~Uy base
pairs, located just above the hulge, are extremely important for binding and
function, ard are generally highly conserved. Subjects 1 and 3 in the present stidy
have a conserved UCU bulge and 26-39 and 27-38 base pairs except in clone 9, which
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has a C to T transversion in the middle of the bulge, as is found in several other
HIV-1 isolates previously described. TAR bulge sequences in clanes fram suhiect 2
exhibit the same C to T transversion with the exception of clane 20, and clone 15
which has a QWU bulge sequence. Subject 4 has conserved sequences throughout the
TAR structure, emptmﬂxelowerpartofthestan with G to A transversions at
51te15mclcne£71urxi72. mvlaJsst:\.ﬁyof'I‘atard'memnsequxtaal
patient samples found no consistent alteration in activity with disease progression.

The AAIRAAA polyadenylation signal at muclectides +74 to +79 is impartant far
viral RNA processing. The U residue at position 3 of this motif is camwpletely
conscrved among  eukaryotic polyadenylation signals, and thus deletion ar
transversion to C as seen in several clones is likely to abrogate its function.
However, the presence of cryptic polyadenylation sites elsewhere in the 3'LIR can
not be excluded.

In contrast to several previous studies, large deletiorns, insertions, and
were faurd in several clanes (Fig. 60). Clones 73-76 had deletions
of nmaclectides -228 to -5, and clones 77-80 had deletions of mucleotides -228 to -
39. Claones 51 ard 52 exhibited an insertion of novel sequences in place of those
at positions -129 to +20 and -278 to +25, respectively. The inserted sequences did
not closely match each other, any other HIV-1 sequences, ar any sequences available
in Genbank. In cantrast, clones 43-48 exhibited a novel rearrangement in which the
LIR sequences have been replaced by a repeated sequence corresponding to R-UB
sequences. These LIR alterations are not likely to be a consequence of an
artifact related to PCR ar cloning, since very similar deletions, insertions, and
rearrangements were noted when different PCR primers were utilized with these same
patient samples, lut not other patient samples. It should be noted that these
alterations were only noted in last time point from two of the four subjects, and
in none of the earlier time points. Delassus et al also noted deletions in 2 of 60
clones. It is unclear whether such gross sequence alterations in nef/LIR relate
directly to disease progression or langer duration of disease in vivo. If so, this
ocould represent a selection for more disparate, perhaps non-functional nef/LIR
sequences during the course of disease. Alternatively, these sequences may have
arisen fram a lack of selective forces which may have been present at earlier stages
of disease for preservation of nef/LIR function.

The plasticity of the HIV-1 genare has been extensively described and is due
to reverse transcriptase miscopying, duplication, deletion, recambination, and
hypermitation. These effects provide the virus the ability to respond to selection
pressures and adapt to the local enviraments. The pattern of sequence evolution
in nef and LIR sequences is clearly different fram that previously characterized for
the partion of env encoding the V3 loop. Detailed sequence analysis of both regions
of the HIV-1 gename using the same patient samples provides a useful camparison.
Though progressive sequence heterogeneity was identified in V3 encoding env
sequences far all three subjects, progressive sequence diversity in the nef/LIR
region was noted far only two of the three subjects far wham these data were
available. nNurthermore, V3 encoding env sequences at the earliest time points fram
different subjects exhibited very similar predicted amino acid sequences within the
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V3 loop, similar to those previocusly defined as the North Ame-ican consensus
sequence and also demonstrated to be impartant for defining non-syrcytia-inducing,
macrophage-tropic isolates. In ocontrast, interpatient comparisons of nef/LIR
sequences fram the earliest time points resulted in no greater global ar regianal
similarities than interpatient comparisons of sequences from later time points.
These findings suggest independent sequence evolution far the env V3 damain and the
nef/LIR region, most likely reflect different selective faorces.
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i) To determine the therapeutic role of Nef in down-requlating HIV-1

Since Nef has been shown to be a pathogenic factar in  SIVmac in rhesus
macaques, aur goal in this regard is altered. Insufficient funds were available to
further pursue this task, due to drastic budgetary cuts in the last six months of
the project.

(7) CQONCLUSIONS

The studies of Vpr have shown that this protein is critically important far
productive infection in monocytes. In addition, Vpu may functionally camplement the
activity of Vpr. The mechanic.. of action of Vpr ard the domains critical far this
activity were defined.

The stidies of Vpx have foaused an the mechanism of packaging of Vpx into virus
particles. This has led to the very interesting dbservation of an association of
Vix with gag p24. This provides specific ideas about the mechanism of Vpx activity.

The stidies of Nef have clearly demonstrated an effect an NF-kB and AP1
activity. The effects are shown to be specific by the lack effect on other
trarscriptional factors, including SP1, URS, and USF. Mareover, we have foud that
these effects are functianally impartant with regards to HIV-1 transcription and I12
eqression. It is likely that a cammon mediator in signal transduction is affected
by Nef.

We have also faund that Nef interacts with the cellular cytoskeleton and that
this interaction depends ypon Nef myristoylation. This may provide specific clues
to the way Nef interrupts signal transduction and down-regulates cell surface (4
expression.

stidies of nef sequences from patients at different stages of disease have
shown no majar alterations in the gene early during HIV-1 infection, but frequent
insertions, deletions, or rearrangements at late stages of disease. This may have
impartant implications concerning the role of Nef in disease progression.
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Monocytes and tissue macrophages present a target for human immunodeficiency virus
type 1 {(HIV-1) infection in vivo in diverse tissues, including brain, spinal cord, lung, and
lymph node, as documented by electron microscopy, immunochistochemistry, and in situ
RNA hybridization méthods (Gendelman et al. 1989). The potential importance of mac-
rophage infection in AIDS is supported by the central role of infected macrophages in
the pathogenesis of other lentivirus infections (e.g., visna-maedi and equine infectious
anemia virus), in which the macrophage is believed to act as a silent reservoir of virus
throughout the course of subclinical infection and disease (Narayan and Clements
1989). Despite these observations, however, profound differances have been observed
in the abilities of various HIV-1 isolates to infect and replicate in primary monocytes cul-
tured in vitro (Gartner et al. 1986; Koyanagi et al. 1987; Gendelman et al. 1988). The
focus of this work therefore has been to identify molecular determinant(s) within the HiV-
1 genome that control its ability to utilize primary monocytes as a host cell in vitro.

For these studies, we have employed the ADA HIV-1 isolate (Gendelman et al.
1988), which replicates to high levels in primary monocytes; the HXB2 proviral clone
(Fisher et al. 1985), which is incapable of monocyte infection in vitro; and a full-length
molecular HIV-1 clone, Yu2, isolated from infected brain tissue without prior passage in
vitro (Y. Li et al., in prep.). DNA derived from an ADA-infected monocyte culture was
used to isolate a partial molecular ADA-M clone, consisting of a 3.5-kb Sad-Sad frag-
ment spanning env, nef, and vpu, and portions of tat, rev, and the 3’ long terminal
repeat (LTR) (Fig. 1). Sequence analysis damonstrated that each of these ADA-M open
reading frames was intact and of full length, with 80-92% predicted amino acid se-
quence homology relative to HXB2 (not shown).

To study the biological properties of the ADA-M-encoded genes, all or portions of the
3.5-kb clone were exchanged for analogous HXB2 sequences to generate a panel of
full-length, recombinant HXADA clones (Figs. 1 and 3). Virus stocks generated from
these clones by transfection of SW480 or COS-7 monolayers were used to infect pri-
mary peripheral blood lymphocyte {PBL) or monocyte cultures. Virus replication was
monitored by serial determination of reverse transcriptase (RT) activity in culture super-
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Figure 1

ADA-M molecular cloning and recombinant constrscSion. Hirt supematant DNA was isolated from
an ADA-infected primary monocyte culture, digested with Sadl, ligated into Sad-digested A-ZAP
arms, and packaged to generate a phage library. Plaques (2.5 x 10°) were screened with a labeled
3.5.kb Sad-Sad fragment from HiV-1 dlone HXB2, spanning env, nef, and vpu, and portions of tal,
rev, and the 3’ LTR as diagramed. A single positive plaque was isolated, from which a phagemid
was excised and shown to contain a 3.5-kb Sad-Sad insert (shaded box). The ADA-M clone was
subcloned into a plasmid containing HXB2-derived Sal I-Sad and Sad-Xbal adaptor sequences
(open box). The Sall-Xbal fragment containing the ADA-M partial clone was then subcloned into an
HXB2gpt2 plasmid lacking these sequences to generate a full-length recombinant clone, HXADA-
SS. The 3.5-kb ADA-M clone was subdivided further to generate the panel of recombinant HXADA
clones shown in Fig. 3.

natants. "Silent infection” of monocyte cultures that failed to generate levels ci progeny
virion release detectable by RT assay was determined ultimately by virus recovery fol-
lowing cocultivatinn with fresh, uninfected PBLs at 24 days postinfection.
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Replication of HIV-1 molecular clones in primary monocytes and virus recovery by PBL cocultiva-
tion. Data from three representative clones (Yu2, HXADA-GG, and HXB2), each of which demon-
strated a distinct replication phenotype in primary monocytes, are shown. Virus stocks were
prepared by transfection of 50% confluent SW480 or COS-7 celis with 10 ug of proviral DNA by the
calcium phosphate method. Filtered 1.0-ml culture supematant aliquots harvested at 60 hr post-
transfection were used to inoculate primary monocyte monolayers. Monocytes were purified by
elutriation of leukophoresis preparations obtained from normal donors and plated 7 days prior to in-
fection in 24-well plates at a density of 200,000 cells per well. Monocytes were maintained in AIM-V
medium (GIBCO) supplemented with 10% heat-inactivated normal human serum and 1000 cfwml
rM-CSF. Virus replication was monitored by serial determination of RT activity in culture super-
natants. At 24 days postinfection, cells were washed three times with phosphate-buffered saline
(PBS) prior to the addition of 1 million fresh uninfected PBLs, which were purified by centrifugation
onto Ficoll, stimulated with PHA (14 ug/mi}, and grown in RPMI medium supplemented with 10%
heat-inactivated fetal calf serum, 4 mM glutamine, and 50 units/ml L2 for 4 days prior to cocultiva-
tion. Following 2 days of monocyte/PBL cocultivation, nonadherent cells were removed by vigorous
pipetting and maintained in PBL growth medium for an additional 14-21 days. Virus recovery onto
PBLs was determined by measurement of RT activity in culture supematants.

HXB2, Yu2, and each of the HXADA clones generated high levels of replication in
PBLs (more than 1 million cpm/m! RT activity; not shown). However, three distinct
replication phenotypes were observed in primary monocytes (Fig. 2). Virus derived from
the Yu2 cione rapidly achieved high levels of replication that were sustained throughout
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the 24-day culture period in monocytes, a phenotype designated productive infection. In ;
contrast, neither HXB2 nor the recombinant HXADA clones generated detectable levels l‘l
3 of virus replication in monocyte cultures. However, virus was recovered consistently fol- !|
3 lowing PBL cocultivation with monocyte cultures infected with HXADA clones that il
shared a 580-bp ADA-M-derived env sequence encoding amino acids 240-435 of the 4
mature gp120 protein. The phenotype of monocyte infection without subsequent virus L
replication detectable by RT assay has been designated silent infection. Virus was never L
recovered from monocyte cultures infected with clones in which this env element was i '

!

!

b

|

hat mark the borue: s

o to replicate in PBLs or monocytes and virus rescue from monocytes by PBL

with the relevan
least two successive time points with RT activity tenfold higher than background.

derived from HXB2 sequences, despite the inclusion of flanking ADA-M-derived se-
quences encoding nei, vpu, or the U3 portion of the 3/ LTR. This phenotype has been
designated no infection, although the possibility of a noninducible latent infection by
these clones has not been excluded rigorously at present. These data are summarized
in Figure 3.

On the basis of these experiments, it is apparent that three distinct phenotypes of
virus replication are observed in primary monocytes tising molecularly defined HIV-1 !
clones. A productive infection leads o rapid generation of high levels of virus replication, i
as seen with the Yu2 clone, as well as with the original ADA isolate and other primary |
- HIV-1 isolates. Silent infection of monocytes, similar to that described by other investi- :
A gators using primary isolates (Valentin et al. 1990), is observed with certain recombinant
HXADA clones and is characterized by a lack of detectable replication, despite con-
sistent virus recovery from monocytes after extended periods in culture by cocuitivation
with a sensitive target cell type. i

Finally, HIV-1 clones such as HXB2 appear incapable of infecting primary :
monocytes, as indicated by our inability to rescue virus from these cells by coculiivation |
with PBLs. A 580-bp env sequence derived from the ADA-M clone, encoding the V3 loop i
b and CD4-binding domain of gp120, is both necessary and sufficient to convert the no in- !¥ ‘

fection phenotype of HXB2 to that of <ilent infection. h_
“l

of recombinant clones generated by reciprocal exchan~
-Sadl fragment of each clone Is aligned

entified on the left by letters assigned to the restriction sites t

and monocytes. A panel
d above. The 3.5-kb Sac!

late the virus life cycle in primary monocytes. Alternatively, it is possible that env acts as
the sole determinant of HIV-1 infection and replication in monocytes. In this scenario, dif-
ferences in replication phenotype would reflect various degrees of adaptation to
monocytes encoded in the critical env determinant of various clones, with the Yu2 and
HXB2 clones situated at opposite ends of a continuous spectrum. The inability of !
specific HXADA clones to generate high replication levels in monocytes could be ex-
plained by this model if the virus from which the molecular clone was derived, a com-
ponent of a presumably heterogeneous primary isolate, is postulated to have been only il
"moderately adapted” to monaocyte replication. i
Additiona! studies, including the construction of recombinants from the Yu2 clone, ‘
are under way o address these possibilities and to identify the steps in the HIV-1 life i
cycle that are regulated in the expression of these replication phenotypes in primary i
monocytes. An understanding of the molecular basis of bath silent and productive HIV-1 i
infection of monocytes in vitro, facilitated by the use of molecularly defined clones, will i
provide valuable insight into the viral components of such complex and poorly un- 1)
derstood phenomena in vivo as disease latency and progression to AIDS.

§a Although these data clearly implicate env as a critical determinant for HIV-1 infection
2SS . . X
@2 g 3 of primary monocytes, an obvious discrepancy exists between the productive infection
g R A phenotype of the ADA isolate and that of the HXADA clones that contain env sequences
- 20 .fof 2 derived from that isolate but fail to replicate to high levels in monocytes. To account for
E '1;5, S > this discrepancy, we propose two alternative models. According to the first model, env
TE.» E; SEE would be sufficient for infection of primary monocytes, but additional genetic elements :
6 E : would be required to attain high fevels of virus replication. Since the ADA-M clone util- [
§§ g e ized in these studies comprised less than half of the HIV-1 genomae, it is reasonable to i
< g £ spaculate that other viral genes, such as vpror vif, could act in concert with env 1o regu-
S<u
T -]
=6
[+ e

1 open reading frames and restriction sites.
between HXB2- and ADA-M-derived seqyences. 8
cocultivation as described in Fig. 2 are indicated on the rig

Summary of the replication properties
restriction fragments between HXB2 an

Figure 3
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The ne/ gene is conserved among all human and simian lentiviruses. However, the amino acid similarity
between simian immunodeficiency virus (SI'V) and human immunodeficiency virus type 1 NEF is only 38%. To
assess the role of SIV NEF on virus replication and compare its activity with that of its human immunodefi-
ciency virus type 1 counterpart, we examined the activity of an intact nef gene from proviral clone pSIV 102,
an isolate from SIV-MAC-251-infected cells. Proviral clone pSIV BA was constructed by introducing a
premature termination codon at codon 40 of the nef gene without altering the predicted amino acid sequence
of the overlapping env gene. These two clones were transfected into CD4™ COS cells, and virus replication was
monitored by p27 enzyme-linked immunosorbent assay kits. In seven independent experiments, clone pSIV BA
afforded two- to sixfold greater levels of viral antigen compared with those in clone pSIV 102 and two- to
sixfold-increased levels of viral mRNAs as indicated with Northern (RNA) blot and S1 nuclease protection
analyses. Nuclear run-on assays demonstrated a two- to threefold increased rate of RNA synthesis with nuclei
isolated from cells transfected with pSIV BA compared with that from cells transfected with pSIV 102. In
contrast, there was no apparent destabitization of SIV mRNAs by NEF, as measured in dactinomycin-treated
cells. This study demonstrates that SIV NEF is a negative regulator of virus replication and acts by suppressing
the level of mRNA synthesis and accumulation in COS cells.

Simian immunodeficicncy virus (SIV) is closely related to
human immunodeficiency virus types 1 (HIV-1) and 2
(HIV-2) (S, 25). Both SIV and HIV include an open reading
frame at the 3’ end of their genomes. the protein product of
which has been named negative factor (NEF) (8). There 1s
considerable amino acid sequence polymorphism, up to
17%¢. among the nef gene products of different HIV-1 strains
(22, 26). However. there is a 6277 anuno acid sequence
difference between the NEF proteins of SIV and those of
HIV-1 (Fig. 1), Moreover. SIV NEF contains 250 amino
acids. whereas HIV-1 NEF contains only 206 amino acids.
Although nef is not required for virus replication or ¢yto-
pathic efiects in cultured cells (6). the gene has been con-
served within all HIV and SIV genomes. which suggests that
NEF serves an important function.

We and others have found that HIV-1 NEF suppresses
virus rephication (1. 2.9, 16, 20, 24, 28). NEF mediates this
suppression at the level of viral transeription (1. 241, How-
ever. others have been unable to demonstrate this negative
cflect (1S 19 indicating that NEF effects may be extremely
seasitive to expenmental conditions.,

In this studv the role of SIV NEF on the replication of
SIVAMAC was examined in the CD4 COS cell line. Al-
though SIV and HIV-T NEF protems have oniv 88 se-
quence simibanty | the two proteins mediate downregulation
ob sius production by suppressing the rate of viral transerip-
tton and mRNA aecumulition. SIV nefpositive and -pega-
tve provical clones will be useful in assessing the physio-
topie tole 0f NEE i macaques infected with virus derived
from these clones Fhis ammal model may then contribute to

our understandinge of vl latency in vivo.

" Conespondimg author

MATERIALS AND METHODS

DNA clones. Clone PK102 (kindly provided by B. Hahn.
University of Alabama at Birmingham School of Medicine)
contains a full-length SIV genome cloned into bacteniophage
lambda gt wes (14). Lambda PK102 DNA was digested with
EcoR1 and cloned into the EcoRl site of the plasmid expres-
sion vector pSV2gpt (21) to produce clone pSIV 102 ERL.
This clone has four Sacl sites, two in the SIV genome
(nucleotides [nt] 5731 and 9208) and two in the cellular
flanking sequences. Clone pSIV 102 SDS was obtained from
pSIV 102 ERL by removing the 3.5-kb Sacl fragment and
destroving the two Sacl sites in the flanking sequence by
excising the 0.3-kb sequence between the two sites and
anncaling a Safl-Sacl adapter that destroys the Sacl site. A
full-tength. proviral clone with an intact nef gene. pSIV 102,
was constructed by returning the 3.5-kb Sacl fragment to
clone pSIV 102 SDS.

To generate a nef mutant proviral clone that is otherwise
isogenie. the 3.5-kb Sacl trugment was subcloned into the
plasmid vector pUCTY (Pharmacia) to form ptiCc19-81V 3.5
Polymerase chain reaction mutagencsts was performed with
a primer overlupping the Beltl site (nt 9100) aad o mutant
primer overlapping the Ave Il site (e 918D GGTGGAAGAT
OGuATUTTAGOAATCCCTAGGAGG, which contiins
Coto-T transaition and o C-to-A transversion, which introdace
a termmnation codon at zef anuino aad position 3 wtheut
altering the anmino acid sequence of the overlapping cnv gene
tFig. 21 The nucicotide changes also ehiminated the Barnl
site at nt 9170 by converting the sequence GGATOC 1o
GGATCT. The mutation was confirmed by restriction en-
svme digestion and sequence anabysis. To additon, segnence
analy sis ¢f the entire nef gene of clones pSIV 102 and pSIV
BA contirmed that no additional cloning artitacts had oc-
curred. The mutant Belt-Avel] ragment was substituted
into the corresponding sttes in pUC SIV 3.5 The mutant
3.5-kb Sac) fragment from pUC SEV 3.5 was iserted anto

ASAN




Vou. 65, 1991

Site of
Myristoylation

PKC Phosphoryphorylation
Site

HIV.1 MGG - - - - KWSKSSVIGWPTV-RERMRRAEPAAD - - - - - - - <. GVG- -AASRDLEKH 40
[1 H [
StVmac MGGATSMRRSKPAGDLRQKLLRARCETYCRLLGEVEDCSSQSLGGLGKGLSSRSCEGR 58
HIV-1  GATTSS--NTAANNAACAWLEAQ------ - - .- -EEEKVGFPVTMQUPLRPMTYKAA B4
I { (R
SIVmac KYNQGQYMNTPWRNPAEEKEKLAYRKQNMDDIDEEDDDLVGVSVRPKVPLRAMTYKLA 117
HIV-1  VDLSHFLKEK|GGLEGLIHSQRRQD!LD | LWIWHTQGYFPDNQNYTPGPCIRYPLTEG 140
PO T Ty JoLHEE T T T
SIVmac IDMSHFIKEK|GGLEGIYYSARRRRILD|MYLEKEEGIIPDWQDYTSGPGIRYPKTFG 172
HIV-1  WRYKLVPVEPEKLEEANKGENTSLIHPVSLHGMDDPEREVLG-WRFDSRLAFHHVARE 198
[T | PE
S1Vmac WLWKLVPVNVSDEAQEDERHYLMQPAQTSKW . - DDPMGEVLLAWKSDPTLAYTYEAYV 231
HIV-1  LHPEYFKANC 204
SIVmac RYPEELEASQACQRKRLEEG 250
FIG. 1. Amino acid alignment of the NEF proteins derived from

HIV-1 (HXB23gpt [24. 26]) and SIV isolate 102 (derived from SIV
MAC-251 [22)). Based on this alignment. there is a 38% sequence
similarity hetween HIV-1 NEF and SIV NEF. Both forms of NEF
may be myrnistoylated and share sequence similarity to the nucleo-
tide binding domain of G proteins (boxed sequences).

clone pSIV 102 SDS to generate the nef-negative clone pSIV
BA.

The chloramphenicol acetyitransferase (CAT) expression
plasmid pSV2CAT was described previously (10). The actin
c¢DNA clone was kindly provided by J. Milbrandt (4). The
Alul probe was derived from a c-sis genomic clone. pL33M
(17). The neomycin resistance gene (neo) expression clone
pCB6 utilizes the simian virus 40 early promoter to exprass
neo mRNA and was kindly provided by Evan Sadler,
Howard Hughes Medical Institute.

e

BAM HI
AGATGGATCCTCGCAATCCCT
ENV R w i L A I P 0SIV 107
NEF D G S S Q@ S L
AGATGGATCITAGCAATCCCT
ENV R w LA P pSIV BA
NEF b G S *®

AMINO ACID POSITION

bIG Constructon of et mutant clone pSIV B A from add
tope ddone pSIV 1020 A premature termunation codon was engy
neered at codon 40 of the nef gene by using polvmcerase chain
reaction site-directed mitagenesis with a synthetic ohwonudleonde
spannming the mutated region. The truncated NEF protemn contains
only the first 39 anuno acids. but the ENV protein v unaflected by
the mutation since env and nef e in different readimg frames

39 az

SIV NEE ACHIVITY B

DNA transfection and cells. COS-7 cells are derived trom
African green monkey kidney cells, which do not enpress
CD4 molecules at the cell surface and therefore cannot be
infected by SIV. These cells were used because they are
easily transfected and provide a system for examming the
role of nef'in a system not compliciuod by the Pos\ihlnl} of
multiple rounds of reinfection by Viruses generated dunng
transfecuon,

Proviral DNAS for transfections were purified twice by
cesium chloride density centrifugation. DNA concentration
was determined by optical absorption measurements and
confirmed by using agarose gel electrophoresis with ethid-
ium bromide staining. DNA clones were transfected by
diluting the DNA in 4.5 ml of Dulbecco modified Eagle
medium (DME) and adding 0.5 ml ¢f a DEAE-dextran
solution containing 70 ml of DME, 25 ml of 1 M Tnis (pH
7.3), and S ml of 25-mg/m! DEAE-dextran (Sigma Chemcal
Co.). After the DNA solution was mixed. it was added to 60
to 807% conduent COS-7 cells on 100-mm tissue culture
plates. After 4 h, the DNA solution was replaced by 5 ml of
100 uM chloroquine (Sigma) in DME supplemented with
10% fetal calf serum, 50 U of penicillin per mi, 50 pg of
streptomycin per ml, and 1 mM pyruvate (DME-S). After 2
h. the cells were shocked for 2.5 min at room temperature
with 2 ml of 107 dimethvl sulfoxide in DME-S. washed with
phosphate-buffered saline (PBS). and cultured with DME-S
at 37°C in a 5% CO, atmosphere.

Detection of p27¢“*core protein. Cell-free supernatants of
transfected COS cells were analyzed according to the pro-
tocols of the manufacturers with a SIV p27 enzyme-linked
immunosorbent assay (ELISA) kit (Coulter) or an HIV-1 p24
kit (Abbott) with significant immunological cross-reactivity
for SIV-MAC p27%“* antigen.

Detection of SIV proteins. At 60 h posttransfection. COS
cells were metabolically labeled for 6 h with 300 pCr oof
[**S}methionine and [**Slcysteine (ICN: specific activity,
=1.000 Ci/mmol) in 3 ml of methionine- and cystemne-free
DME supplemented with 87 dialyzed fetal calf serum. Cells
were washed and harvested by scraping in PBS. and the cell
pellet was solubilized in 750 pl of protein-solubilizing hutfer
(0.1% SDS, 0.5 deoxvcholate. 1.0% Triton X-100 [Sigma)
in PBS). A 200-ul aliquot of solubilized cells was precleared
with uminfected macaque serum and then immune precim
tated with 2 pl of serum from an SEVantected macague
tkindly provided by R, Desrosiers, New England Primate
Rescarch Centery. Immunoprecipitates swere washed and
suthjected to 7.5 to 207 gradient sodium dodecy! sultate
(SDS) -polvacry lamide gel electrophoreais (PAGE). The gels
were ived. cnhanced with Amphty (Amersham dried. and
cxposed to Kodak XAR-S Ailm at - 90 O

RNA analyses. (i) Northern blot analysis. COS cells were
wushed with PBS and harvested by scrapimg. and RN A was
isolated as deseribed previoushy (31 RNA was denatured at
65 C for 10 min. ¢lectrophoresed on 4 1.3 agarose torm-
aldehyde gel.and transferred to a Nitroplus 2060 hvbridiza-
tion membrane (Micron Scparations Inco. Filters were
baked in vacuo at 80 C for 90 min and prehvbridized tor 2h
in SO°7 formannde-S -+ SSC 1+ SSC s 0015 M oNaCl plus
0015 M sodium oitrate)-177 SDS-S0 mM NabPO, «pH
T 55 Denhardt medium=200 e of veast IRNA pormib 50
pooof sheared salmon sperm DNA per ml Filters were
probad for 18 hat 37 C with random hexamer primer-labeled
fragments generated from the internal 3.5-kb Sacl fragment
from clone pSIV 102 or from the 2.0-kb Hnd ] fragment of
the actin ¢DNA clone. Filters were washed three tmes
65 Cin 0.5+ SSC-0.177 SDS and exposed to Kodak XAR-S

e et e ———
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film at ~90°C. Ten percent of the cells were saved for CAT
activity analysis.

(ii) S1 nuclease protection assay. DNA probes were con-
structed by digesting clone pSIV 102 with Stul. isolating the
590-bp fragment extending from nt 369 to 959. and end
labeling with [y-*P)ATP (ICN: specific activity. 3.000 Ci/
mmol [1 mCi = 37 mBq}) or by digesting clone pSIV 102 with
Aval (nt 1494), end labeling, digesting with Bswu36l. and
isolating the 1.4-kb Bsu36l-to-Aval fragment extending from
nt 95 to 1494. A probe for neo-specific mRNA was generated
by end labeling the 0.65-kb Avall-to-Pvull fragment. which
is contained exclusively in the neo gene, from the neo
expression clone. Total cellular RNA (12 or 18 ug) from
transfected COS cells was hybridized to either probe at 56°C
for 90 min and then at 53°C for 90 min in 809 formamide-40
mM PIPES [piperazine-N,N'-bis(2-ethanesulfonic acid)] (pH
6.4>-1 mM EDTA-0.4 M NaCl. Samples were cooled to 16°C
and digested for 30 min by adding 0.3 ml of ice-cold S1 buffer
(0.28 M NaCl, 0.05 M sodium acetate [pH 4.6], 4.5 mM
ZnSO,, 20 pg of sheared salmon sperm DNA per ml)
containing 1,000 U of S1 nuclease (Pharmacia) per ml.
Reactions were stopped by adding 50 pl of 4.0 M ammonium
acetate~0.1 M EDTA. Then 10 ug of yeast tRNA was added.
and the nucleic acids were precipitated with ethanol. Precip-
itates were dried, suspended in 20 ul of loading buffer (38%
formamide. 8 mM EDTA., 0.0029% bromophenol blue, 0.002%
xylene cyanol FF), and subjected to denaturing PAGE (5%
polyacrylamide) with 50% urea. Gels were dried and ex-
posed to Kodak XAR-5 film for 3 days at —90°C. Ten percent
of the cells were saved for CAT activity analysis.

Nuclear run-on assays. Nuclear run-on assays were per-
formed as described (24) with the exception that 1.0-pg
samples of plasmids pL33M, pSV2gpt, and pSIV 102 were
used as the cold DNA targets immobilized on the nitrocel-
lulose filters.

Dactinomycin analysis. COS cells (70% confluent) in 75-cm
flasks were transfected with 12 pg of either pSIV 102 or
pSIV BA. At 24 h posttransfection, cells were trypsinized
and the pSIV 102 and pSIV BA flasks were separately
pooled and seeded onto 150-mm plates. At 24 h after
reseeding, media was replaced with DME-S containing 5 pg
of dactinomycin (Sigma) per ml. and cells were harvested for
RNA at 0. 12, 24, 36. and 48 h posttransfection. Isolated
RNA was subjected to Northern blot analysis and probed
with hexamer primer-labeled fragments derived from the
3.5-kb Suacl fragment or to labeled actin sequences.

CAT assays. The pSV2CAT expression vector and the
assay protocol were described previously (10).

RESULTS

pSIV 102 and pSIV BA direct the synthesis of SIV proteins.
A functional SIV proviral clone with an intact nef gene,

pSIV 102, was used to generate an otherwise isogenic nef

mutant, pSIV BA, by polymerase chain reaction site-di-
rected mutagenesis (Fig. 2). The predicted length of the
mutant NEF protein s truncated from 250 to 39 amino acids.
Proviral clones pSTV 102 und pSIV BA and negative control
plasmid pSV2gpt were transfected into COS cells, which
were then metabolically labeled with [**Simethionine and
(**Sleysteine and immunoprecipitated with antiserum from
an infected macaque. The cells transfected with the proviral
clones demonstrate the presence of precursor and processed
gag proteins, whereas the cells transfected with the negative
control do not (Fig. 3). Equal volumes of cell lysate were
applied to the gel; however. Bradford proteim analysis and

I Vikot

F1G. 3. Expression of SIV NEF and GAG protetns. COS cells
were transfected with 10 pg of pSV2gpt (fane 11 pSIV 102 (lune 2).
or pSIV BA (lane 3). At 48 h posttransfection, cells were labeled
with [ *Simethionine and { *S)cysteine and immunoprecipitated with
serum from an infected macaque. Immunoprecipitated samples were
then denatured and subjected to SDS-PAGE 1n ¢ 7.5 to 2007
gradient. *, NEF protein expressed in pSIV 102-trunsfected cells: g,
precursor and processed gag proteins in pSIV 102- and pSIV
BA-transfected cells.

densitometric scanning of background bands indicate that
protein concentration was 3.5-fold greater in the pSIV 102
sample than in the pSIV BA sample. Additionally. densi-
tometric analysis indicates that the intensity of the p27 gag
band was 1.5-fold greater in the pSIV 102 lane than in the
pSIV BA lane. Therefore, in this experiment, there was a
2.3-fold suppression of p27 with clone pSIV 102 compared
with that for pSIV BA. As expected, NEF protein was
identified only in cells transfected with clone pS1V 102 (Fig.
3. lane 2). The apparent molecular mass of NEF protein,
calculated by using the size markers indicated, was 29.5
kDa. which agrees well with the predicted molecular mass of
29 kDa.

NEF downregulates SIV replication in COS cells. To assess
the role of nef on the replication of SIV. COS cells were
transfected with proviral clones pSIV 102 and pSIV BA.
Supernatants from transfected cells were solubilized and
screened for viral antigens by using a p27 SIV ELISA kit
(Fig. 4A) or a p24 HIV ELISA kit (Fig. 4B). In seven
independent experiments with different DNA preparations
and cell stocks, the clone lacking nef pSIV BA. consistently
afforded two- to sixfold-higher levels of virus particles in the
supernatant compared with those in pSIV 102, Transfection
efficiency was measured by cotransfecting with pSV2CAT
and measuning CAT activity in cellular protein extracts. This
analysis indicated that the mean values of CAT activity were
6,100 = 307, 4.9% + 3.0%. and 4.7 = 1.8% for the
pSV2gpt-, pSIV 102-. and pSIV BA-transfected celis. re-
spectively. These values represent the percentage conver-
sion to acetylated products and were in the hincar range of
analysis.

NEF decreases the level of SIV mRNA accumulation. To
assess the stepin the virus life cycle that was downregulated
by NEI. Northern biot analysis was performed. COS cells
were transfected with pSEV 112 or pSIV BA: Wt 72 h
posttranstection, cells were harvested. and total cellular
RNA was prepared and subjected to Northern blot analvsis
(Fig. 5. The level of STV 9.0-kb mRNA was on the average
4.5-fold greater from the cells transfected with clone pSIV
BA thun from celis transfected with pSIV 102, Similarly . the
level of the SIV 4.5-kb single-spliced ems mRNA was three-
fold higher in the absence of NEF protein with pSIV BA
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FIG. 4. NEF downregulates SIV replication in transfected COS cells. In seven independent experiments. 10 pg of either pSV2gm. pSIV
102, or pSIV BA was transiently transfected into COS cells. An aliquot of the overlying medium was removed at the indicated times after
transfection and assessed for solubilized p27%“% core protein with (A) a Coulter $S1V p27 ELISA kit or (B) an Abbott p24 HIV ELISA kit. (A)
Averages of four experiments with error bars indicating 1 standard deviation from the mean. (B) Three different experiments. Transfection
efficiency was monitored by cotransfecting pSV2CAT and measuring CAT activity* however, this parameter did not vary by more than 104
in any given experiment. For panel A, 1 optical density unit is approximately equal to an antigen concentration of 15 ng/ml. Symbols: O.

pSV2gpt. 0. pSIV 102; @, pSI1V BA.
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FIG. 5. SIV NEF decreases viral mRNA accumutation. COS
cells were transfected with 10 pg of either pSV2gpt. pSIV 102, or
pSIV BA and cotransfected with clone pSV2CAT 10 control for
tranfection efficiency. Total cellular RNA was isolated 3 days alter
transfection from 90% of the cells and subjected to Northern blot

analysis. Protein extracts were prepared from the remaining 10 of

the cells for CAT analysis. Hybridization was performed with
hexamer-primed probes generated from the 3.5-kb Sucl fragment
from clone pSIV 102, In this experiment. duphicate transfections
were performed. RNAs from experiments 1 and 2 were comhined
equally. subjected to Northern blot analysis. and hybridized to actin
sequences that demonstrated that similar amounts of RNA were
applied to the gel. CAT activities were similar within the linear range
of analysis.

than in the presence of NEF with pSIV 102 based on
densitometry analysis of the bands. All three major viral
RNA species were detected, and the presence or absence of
NEF protein did not appear to alter their relative abundance.
The probe used in this analysis, derived from the 3.5-kb Sacl
fragment, hybridized weakly to the 2.0-kb double-spliced
mRNAs. Hybridization of the same RNA samples to actin
sequences was used to correct for differences in RNA
extraction and concentration determinations. Transfection
efficiency was assessed by cotransfecting the cells with
pSV2CAT and was similar in all samples (Fig. 5). This
analysis was repeated twice with comparable results.

S1 nuclease protection assays provided further evidence
that SIV mRNA accumulation is depressed in cells trans-
fected with the NEF-expressing proviral clone (Fig. 6). Total
cellular RNA from transfected cells was hybridized with
end-labeled DNA probes extending from nt 95 to 1494 (Fig.
6A) or nt 369 to 959 (Fig. 6B), where the RNA initiation
(CAP) site is at nucleotide position 507. In addition 1o the
SIV probe in Fig. 6B. an end-labeled DNA probe for neo
mRNA was also added to the hybridization reactions (Fig.
6C). The mRNAs presented in Fig. 6C were isolated from
cells cotransfected with S pg of the neo expression vector
pCB6. With the longer SIV probe, in experiments 1 and 2.
respectively, there were 6.6- and 4.7-fold increases in the
level of the protected. correctly initiated viral RNA from
cells transfected with clone pSIV BA compared with that
from cclls transfected with pSIV 102 (Fig. 6A). There was
also a significant increase in the level of a spliced RMA
spectes. recently described by Vigliantt and coworkers (29),
in cells transfected with pSIV BA compared with that in cells
transfected with pSIV 102, With the shorter probe. there was
a 4.4-told increase in protected RNA of the eapected size
from the cells transfected with pSIV BA compared with that
in cells transfected with pSIV 102 (Fig. 6B). There was also
an increase in protected spliced RNA with proviral clone
pSIV. BA comparcd with that with pSIV 102, With the
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FIG. 6. SIV NEF decreases steady-state levels of SIV mRNA and does not affect the transcription start position. COS cells were
transfected with proviral clones pSIV 102 and pSIV BA. and total cellular RNA was isolated 72 h later. RNA was annealed to ¢ither the
Bsu36] (nt 94)-to-Aval (nt 1494) fragment (A) or the 590-nt Sl fragment (B). RNA was annealed to the 590-nt Siul probe and the 655-nt
Avall-to-Pvull neo probe in panel C. Samples were then digested with S1 nuclease. and the protected. labeled DN A fragments were separated
on denaturing PAGE (5% polyacrylamide). Symbols: ES, length of the probe: U], region of protection: *, labeled sites. The numbers next
to the empty boxes indicate the lengths of the protected fragments of the unspliced and spliced transcripts (29). The arrow over the striped
box at -t 507 indicates the RNA CAP site. Panel A represents two independent experiments (1 and 2). panel B represents a third experiment.
and panel C represents two additional independent experiments. Transfection efticiency. measured by cotransfecting pSV2CAT and assaying
CAT activity (percent acetylation), was determined for all transfections. In part A. the mean CAT activity was 3.0% = 0.4% and 3.9%¢ = 0.7%% .
in part B, the activity was 3.9% and 3.49%: and in part C. the mean activity was 70% = 6% and 69% + 6% for pSIV 102- and pSIV
BA-transfected cells, respectively. In addition. the intensity of the protected neo probe (band indicated by arrow on right) was determined.

and the value was used to adjust the relative concentration of viral mRNAs from transfected cells.

shorter SIV probe in the experiments presented in Fig. 6C,
there was a mean 2.3-fold decrease in the unspliced mRNA
from pSIV 102 compared with that in mRNA trom pSIV BA
and a 2.1-fold decrease in the spliced mRNA species.
Hybridization to the neo probe demonstrated similar trans-
fection and RNA extraction efficiencies and was used to
calculate the ratio of S1V 10 neao mRNAs from pSIV 102- and
pSIV BA-transfected cells. Transfection efficiency. mea-
sured by cotransfection of pSV2CAT, was similar in all
l(;ln\fection\, In the experiments shown in Fig. 6A, B, and
C. the mean CAT activitics were 3.0 and 3.9% . 3.9 and 3.4% .
and 7_() and 68% for pSIV 102 and pSIV BA. respectively.
Hybridization of the RNAs to actin sequences was per-
tormed 1o confirm that extraction efficiency and concentra-

tion determinations were similar in all RNA preparations.
The increased level of full-length protected probe in the
lanes with RNA from pSIV BA-transfected cells compared
with those from the pSV2gpt- or pSIV 102-transfected cells
in Fig. 6 may represent effects on an aberrantly initiated
transcript,

NEF suppresses the rate of SIV mRNA transcription. To
determine whether the effects of NEF protein on mRNA
accumulation could be accounted for at the level of RNA
synthesis, nuclear run-on assays were performed. COS cells
were transfected. nuclet were isolated, and  prewmitiated
mRNA transcripts were labeled in vitro with [o-PJUTP.
The ratio of hybridization of labeled RNAs to SIV sequences
to that of Alul sequences was twofold higher with auclei
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FIG. 7. SIV NEF decreases the rate of viral RNA synthesis. Nuclear run-on assays were performed with [a-**PJUTP (specific activity,
3,000 Ci/mmol) to label nuclei isolated from COS cells transfected with 10 pg of pSV2gpt, pSIV 102, or pSIV BA. The nascent, labeled
transcripts were hybridized to SIV sequences (pSIV 102). Alul repetitive sequences (pL33M), or gpt sequences (pSV2gpt) to control for the
efficiency of labeling, RNA yield, and transfection efficiency. Hybridization intensity was measured by densitometry and is expressed as the
ratio of hybridization to SIV sequences to that to Alul (A) or gpr (B) sequences.

tsolated from pSIV BA-transfected cellis than with nuclei
from pSIV 102-transfected cells (Fig. 7A). The ratio of
hybridization of labeled transcripts to SIV sequences to that
of xanthine-guanine phosphoribosyl transferase (gpr) se-
quences was threefold greater with nuciei from pSIV BA
transfected cells than with nuclei from pSIV 102-transfected
cells (Fig. 7B). Hybridization to Alul sequences corrects for
labeling efficiency. RNA extraction, and concentration of
RNA used for hybridization. Hybridization to gpt sequences
corrects for transfection efficiency, since proviral clones
pSIV 102, pSIV BA. and pSV2gpt express gnt mRNA at the
same level. This experiment was repeated twice with similar
results.

NEF does not destabilize SIV mRNA. To assess whether
NEF-induced RNA degradation contributes to decreased
steady-state levels of mRNAs, viral mRNA stability was
measured. COS cells transfected with pSIV 102 or pSIV BA
were treated with the RNA synthesis inhibitor dactinomycin
and harvested 0. 12, 24, 36, and 48 h later. RNAs were
subjected to Northern blot analysis. which revealed a rela-
tively intense signal for the 4.5-kb single-spliced ¢mv tran-
script compared with that of the 9.0-kb unspliced transcript
(Fig. 8): therefore, RNA measurements were performed on
the env transcript. There was no apparent difference in the
kinetics of RNA degradation in the presence (pSIV 102) or
absence (pSIV BA) of an intact nef gene. Cells transfected
with either clone displayved an RNA half-lfe of approxi-
mately 9 h. Hybridization of RNA to actin sequences was
used to correct for RNA extraction cfficiency and concen-
tration determinations. Hybridization to c-mye sequences
indicated that dactinomycin treatment of cells was effective
in halting RNA synthesis (data not shown). The observation
that the single-spliced mRNA species was more intense in

this experiment than in the Northern blot in Fig. 5 may be
due to the fact that these mRNAs were harvested at 48 h
rather than 72 h posttransfection. Furthermore. the cells in
this experiment were scraped at 24 h posttransfection and
replated. It is also possible that the RNA blotting process
was less efficient in this experiment than in the experiment of
Fig. 5 in that the larger unspliced species failed to transfer as
well. This experiment was repeated with comparable results.

DISCUSSION

Conservation of the nef gene in both simian and human
immunosuppressive viruses suggests that the gene plays an
important role in the biology of these lentiviruses. To define
this role, a nef-positive SIV proviral clone (pSIV 102) and a
nef-negative clone (pSIV BA) were compared. The nef gene
product was found to suppress the rate of transcription and
level of viral RNAs,

The inittial comparison of the nef-positive and -negative
proviral clones tnvolved transtecting them into COS cells
and assaying the overlying culture medium for the SIV p27
core protein. The level of p27 in tue media of cells trans-
fected with proviral clone pSIV BA was two- to sixfold
higher than that of cells transfected with clone pSIV 102
(Fig. 4). This result is consistent with the role of NEF as a
negative factor with respect to virus replication.

We found previously that the HIV-1 nef gene product did
not affect the anfectuivity of virus particles (24). This s
consistent with the data in the current study indicating that
SIV NLEF suppressed virus replication in cells that were
unable to be infected by virus particles generated during
transfections. Thus. the steps involved with the first half of
the virus life cyele, ... virus binding, uptake. uncoating.
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FIG. 8. SIV NEF does not destabilize SIV mRNAs. COS cells
(in eight 75-mm flasks) were transfected with either clone pSiV 102
or pSIV BA. At 24 h after transfection, the COS cells were
harvested and pooled with similarly transfected cells and replated
onto 150-mm plates. At 24 h after replating. the cells were incubated
with dactinomycin for 0 to 48 h. At the indicated times. total cellular
RNA was isolated and subjected to Northern blot analysis. The blot
was first hybridized with the SIV probe as in the experiment shown
in Fig. 4, exposed to film, stripped of RNA, and rehybridized to an
actin probe as a control for the amount of RNA loaded on the gel. In
this analysis. the stability of the 4.5-kb env mRNA was measured
because it was the predominant species. At each time point, the
calculated amount of SIV mRNA was determined by densitometry
and the level of env mRNA was adjusted to the amount of actin
mRNA.

reverse transcription, and integration, are not the primary
target for NEF-mediated suppression. Instead, we found
that NEF was active during the second half of the virus life
cycle, i.e., during transcription, RNA processing and trans-
location, and translation. Northern blot analysis with RNA
extracted from COS cells transfected with the proviral
clones showed that the steady-state levels of viral RNAs
were three- to fourfold lower in the nef-positive clone than in
the nef-negative clone (Fig. 5). Similar results were found
with analyses of cytoplasmic or nuclear RNAs (data not
shown). S1 nuclease protection analysis demonstrated a
four- to sixfold suppression of correctly initiated viral
mRNAGs in the cells transfected with the nef-positive clone
refative to that in the cells transfected with the nef-negative
clone (Fig. 6).

A collection of 17 independent comparisons from 10
different experiments of viral mRNAs from pSIV 102- and
pSIV BA-transfected cells is presented in Table 1. The mean
suppression of viral mRNA mediated by NEF was 3.2-fold *

1. Virot .

TABIE 1. SIV NEF downregulates viral mRNA levels”

Proviral MRNA Suppression a1 ,opiv.

Expt pSIV clone Ratio m ity (%) Analysis

1 102 27 09 1.8 8.9 64 Slot blot
BA 21 14 6.1 74
102 1.3 23 7.2 77
BA 25 18 4.1 63

2 102 1.9 21 1.1 7.2 44 Stot blot
BA 29 1.3 9.7 S0
102 24 1.8 12 49
BA 26 0.7 8.8 S50
102 22 18 7.7 39
BA 19 0.7 7.3 S0

3 102 26 18 27 NDY ND Slot blot
BA 36 28 ND ND
102 30 1.6 ND ND
BA *E 1.4 ND ND

4 102 1.7 1.4 53 ND ND Slot biot
BA 2.3 48 ND ND

S 102 4.0 08 47 ND 76 Northern
BA 1.5 4.0 ND 82
102 0.9 4.7 ND 76
BA 4.7 4.0 ND R2

6 102 S8 14 5.1 ND 3.4 Sl nuclease
BA 62 39 ND 3.2
102 1.0 42 ND 25
BA 6.3 4.7 ND 4.6
102 0.6 5.1 ND 39
BA 3.0 39 ND 34

7 102 38 35 S0 ND ND Northern
BA 7.1 29 ND ND

8 102 19 24 6.7 ND ND Northern
BA 22 33 ND ND

9 102 27 10 09 ND ND Run-on
BA 29 107 ND ND

10 102 26 1.5 14° ND ND Run-on
BA 20 07° ND ND

“ This table summuarizes the data from 10 separate experiments and includes
17 different matched pairs of densitometry scans of SUV, actin, or neo mRNAS
texpressed as redative arcas under cach curve)d tfrom pSIV 102- and pSIV
BA-transfected COS cells. In all cases. COS cells were transfected with 10 pp
of proviral DNA per 100-mm plates. These data include mRNAS that were
analyzed by slot blot and Northern blot hybridization. S1 nuclease protection
assays. and nuclear run-on assays. We calculated the level of viral mRNA
suppression for cach of the 17 matebed pairs of pSIV 102 and pSIV BA values
m order of the pars from the top of the table downward, We tfound that the
mean suppression of NEF on viral mRNA levels was 3.2-fold *= 1.6-fold,
where 1.6 represents the standard deviation. In addinon, the 95 contidence
intervals (2.4 and 4.0 indicate that the mean of 17 random matched pairs will
hie between 2.4- and 4.0-10ld 957 of the nme

2 Average ratio of the STV densitometry values of pSIV BA divided by
those of pSIV 102 multiplied by the ratio of actin densitometry vialues of pSIV
102 divided by those of pSIV BA-transtected cefls,

CCAT activity imeasured as percent conversion to acetylated products) of
a4 pSV2CAT plasmid that was cotrunstected with the SV proviral clones,

Y ND. Not done

< In the nuclear run-on assav s, hvibndization 1o Al sequences served as a
control for viral KNA concentration determimations anstead of actin se-
quences.,
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1.6-fold, where 1.6 is the standard deviation. Ninety-five
percent confidence intervals indicate that the mean suppres-
sion in any 17 matched pairs of viral mRNAs from pSIV 102-
and pSIV BA-transfected cells is intermediate between 2.4-
and 4.0-fold.

The observation that steady-state viral mRNA levels were
decreased in the presence of nef suggests that nef either
suppresses the rate of RNA synthesis or enhances the rate of
RNA degradation. Therefore, nuclear run-on and dactino-
mycin stability studies were performed. Nuclear run-on
analysis of COS cells transfected with either pSIV 102 or
pSIV BA indicated that the rate of RNA synthesis was
suppressed two- to threefold in the nef-positive clone rela-
tive to that in the nef-negative clone (Fig. 7). This level of
transcriptional suppression could account for the differences
in the steady-state level of viral mRNA in the presence or
absence of NEF in that differences in the magnitude of
suppression could reflect differences in experimental ap-
proaches. Analysis of viral RNA levels after dactinomycin
treatment indicated that NEF did not significantly alter the
rate of degradation of viral mRNA (Fig. 8).

We conclude from these experiments that SIV NEF
suppresses virus replication in COS cells and that this
suppression occurs at the level of viral mRNA synthesis.
This study of SIV NEF parallels our previous analysis of the
HIV-1 nef gene product (24) and the results of other inves-
tigators (1). However, others have not demonstrated a
suppressive role for HIV-1 NEF on virus replication (15, 19).
The discrepancy may lie in the fact that the experiments
were not conducted with similar reagents in the same con-
text. That is, Kim et al. (19) used a proviral clone that was
different from that used by Ahmad and Venkatesan (1) or in
our laboratory (24). Perhaps more significantly. the multi-
plicity of infection (MOI) varied greatly between our exper-
iments and those of Kim et al.; we used very low MOIs
whereas Kim et al. used high MOIs. It is likely that the
subtle effects of NEF may be masked by the high MOI used
by Kim et al. The proviral clone studied by Hammes et al.
was HXB3. which contains a nef gene similar to the clone
used in our previous experiments except that clone HXB3
contains an alanine instead of a threonine residue at amino
acid position 15. Guy et al. (12) demonstrated that protein
kinase C requires a threonine residue for phosphorylation at
amino acid residue 15 and that this phosphoryviation event
may be critical for NEF activity. Currently, we are studying
the role of the MOI on NEF activity with different proviral
clones in an attempt to explain the discrepancies that have
arisen with respect to the role of NEF on virus replication.

The precise mechanism by which NEF mediates transcrip-
tional suppression is not known. HIV-1 NEF has not yet
been found in the nucleus; however, HIV-1 NEF (12,15, 18)
and SIV NEF (13) are myrnistoylated (Fig. 1) and can
associate with the plasma or other cellular membranes,
which may be essential for their activity (7. 15). HIV-1 and
SIV NEF bear amino acid sequence similarity to the nucle-
otide binding domain of p21'*. p60*, cyclic AMP-depen-
dent protein kinase, and epidermal growth factor and insulin
receptors (12, 27) (Fig. 1). With respect to HIV-1 NEF,
GTP-binding and GTP-cleaving activities have been reported
(12, 13): however, others have been unable to detect these
activities (18). HIV-1 NEF has been reported to exhibit
autophosphorylation activities (12), which indicates that
NEF may be able to phosphorylate other regulatory proteins
in a signal pathway into the nucleus. Recently, it was found
that HIV-1 NEF can downregulate the binding of a prolifer-
ation-associated DNA binding protein in nontransformed
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human T lymphocytes (11). Thus, NEF may act as a signal
transducer to either facilitate the binding of negative cellulur

factors or inhibit the binding of positive cellular factors of

transcription.

We have begun to examine the replication of SIV NEF'
and SIV NEF ~ viruses in rhesus macaque primary lympho-
cytes: preliminary results indicate downregulatory effects
exerted by NEF early after infection. which is consistent
with the data presented in this manuscript. However. the
role of NEF in vivo has yet to be examined. It is possible
that NEF may be contributing significantly to the establish-
ment and maintenance of viral latency exhibited by infected
humans and macaques. However, downregulation of viral
expression may actually contribute 1o disease progression in
that NEF may be required for persistent infection. Thatas if
nef-negative viruses replicate unchecked, heavily infected
cells may die and a swift, immune response may clear
circulating virus. However. cells infected with nef-positive
viruses may persist because virus replication is suppressed
and thereby provide a virus reservoir. It should be noted that
the subtle effects of NEF op transcription were determined
in cell culture and that the ability of NEF to downregulate
virus expression in living organisms may be more substan-
tial. Studies of macaques infected with SIV nef-positive and
nef-negative viruses will be crucial for determining the
physiologic role of NEF in virus expression and disease
progression (23).
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ABSTRACT Profound differences exist in the replicative
capacities of various human immunodeficiency virus 1 isolates
in primary human monocytes. T¢ investigate the molecular
basis for these differences, recombinant full-length clones were
constructed by reciprocal DNA fragment exchange between a
molecular clone derived from a monocyte-tropic isolate (ADA)
and portions of two full-length clones incapable of infection or
replication in primary monocyte cultures (HXB2 and NL4-3).
Virions derived from proviral clones that contained ADA
sequences encoding vpu and the N and C termini of the surface
envelope glycoprotein (gp120) were incapable of replication in
monocytes. However, a 283-base-pair ADA sequence encoding
amino acids 240-333 of the mature gp120 protein couferred the
capacity for high-level virus replication in primary monocytes.
The predicted amino acid sequence of this ADA clone differed
from NL4-3 and HXB2 at 22 of 94 residues in this portion o,
gp120, which includes the entire third variable domain. Only
2 of 11 residues implicated in CD4 binding are located in this
region of gp120 and are identical in HXB2, NL4-3, and ADA.
Alignment of the ADA sequence with published amino acid
sequences of three additional monocyte-replicative and three
monocyte-nonreplicative clones indicates 6 discrete residues
with potential involvement in conferring preductive human
immunodeficiency virus 1 infection of primary monocytes.

Cells of monocyte-macrophage lineage present targets for
infection by the human immunodeficiency virus 1 (HIV-1) in
widely diverse tissues in vivo, including brain, spinal cord.
lung, lvmph node. and skin (1). These observations are based
on extensive documentation by several ditferent investiga-
tors utilizing electron microscopy. in situ RNA hybridization,
and immunohistochemistry. The potential importance of
macrophage infection in AIDS is underscored by the central
role of infected macrophages in the pathogenesis of other
lentivirus infections, such as visna maedi and equine infec-
tious anemia virus. in which the macrophage serves as a
reservoir of virus throughout the course of subclinical infec-
tion and discase (2).

Despite these observations, however, profound ditfer-
ences existin the abilities of various HIV-1 isolates to infect
and replicate ir primary monocytes cultured in virro. Many
primary isolate . derived from per pheral blood, in which
CD4" T cells represent the predominant infected cell type.
have demonstrated a limited capacity for replication in mono-
cytes. despite highly efficient replicaton in peripheral blood
mononuclear cells (PBMCs: primarnly lvmphocytes) (3-6),
However, severil groups have reported productive infection
of both monocytes and PBMCs by using primary isolates
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derived from brain and lung, tissues in which HIV-1 infection
of macrophages predominates (1. 5-7). In the present study,
we sought to determine the molecular basis for HIV-1 infec-
tion and replication in primary monocytes by constructing
chimeric full-length proviral clones from a molecular clone
derived from a monocyte-replicative isolate (ADA) and two
monocyte-nonreplicative functional clones (NL4-3 and
HXB2) (8-10). Our results indicate that a discrete portion of
the HIV-1 surface envelope glycoprotein (gp120) confers the
capacity for productive infection of primary monocytes.

MATERIALS AND METHODS

Cells. COS-7 cells were obtained from the American Type
Culture Collection and maintained as monolayer cultures in
Duibecco’'s modified Eagie's medium (DMEM) supple-
mented with 10% heat-inactivated (56°C: 30 min) fetal calf
serum (Hazelton Biologics, Denver, PA) and 1 mM sodium
pyruvate. PBMCs were purified from normal human leuko-
cytes (American Red Cross) by centrifugation onto Ficoll.
After 3 days of stimulation with phytohemagglutinin {15
pg/ml; Sigma), PBMCs were maintained in RPMI 1640
medium supplemented with 10% heat-inactivated fetal calf
serum, 4 mM glutamine, and recombinant interieukin 2 (50
units/ml; Cetus). Primary monocytes were isolated by coun-
tercurrent centrifugal elutriation of mononuclear leukocyte-
rich cell preparations obtained from normal donors by leu-
kapheresis (11). Cell suspensions were routinely >95%
monocytes by the criteria of size (by Coulter analysis) and
nonspecific esterase staining. Elutriated monocytes were
cultured as adherent cell monolayers at a density of 200.000
cells per well in 24-well plates in AIM-V medium (GIRCO)
supplemented with 10% heat-inactivated normal human se-
rum (Pel-Freeze Biologicals). 4 mM glutamine. and recom-
binant monocyte—colony-stimulating factor (1000 units/ml:
Cetus).

Molecular Cloning and Recombinant Provirus Construc-
tion. The isolation and functional characterization ot the
full-length HIV-1 proviral clones HXB2 and NL4-3 have been
described (9. 10). The HIV-1 isolate ADA was obtained by
cocultivation of PBMCs freshly obtained from a HIV-1-
infected individual with unintected primary monocytes as
described (8). Hirt supernatant DNA (12) from an ADA-
infected monocyte culture was digested with Sac 1. ligated
nto Sae I-cut Lambda ZAP phage arms (Stratagene). and
packaged (Gigapack Plus. Stratagene) to generite a phage

Abbreviations: HIV-1, human immunodeficiency virus 1: V3 third
variable domain of gpl120: PBMC. peripheral blood mononuclear
celli RT. reverse transenptase.

*To whom reprint requests should be addressed at: Department of
Medicine. Washington University School of Medicine, 660 South
Fuchid Avenne. St Tous, MO 63110,
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library (13): 250.000 plaques were screened with a random
hexamer-labeled Sac 1/Sac 1 probe derived from HXB?2
[nucleotides 5999-9571; according to Myers er al. (14)).
Phage from a single positive plaque was isolated, from which
phagemid was excised and demonstrated to contain a 3.6-
kilobase (kb) insert by restriction enzyme mapping. To
facilitate the construction of full-length recombinant clones
containing ADA-derived sequences, the 3.6-kb Sac I/Sac |
clone was subcloned in the proper orientation into a pSVL-
based vector (Pharmacia) containing Sal 1/Sac | (nucleotides
5785-5999) and Sac 1/Xba I (nucleotide 9571-3 polylinker)
adaptor sequences from the clone HXB2gpt2. The ADA
clone was then subdivided by reciprocal fragment exchanges
between the chimeric subclone and a similar subclone con-
taining the entire HXB2gpt2-derived Sal 1/Xba 1 sequence.
The resultant recombinant subclones were then used to
generate recombinant full-length clones by exchange of Sa/
I/BamHI fragments (nucleotides 5785-8474) with clone
NL4-3. The structure of the clones was confirmed by restric-
tion enzyme and nucleotide sequence analysis.$

DNA Sequence Analysis. DNA sequencing was performed
by a modification of the dideoxynucleotide method using
Sequenase 2.0 according to the manufacturer's protocols
(United States Biochemical) and a panel of oligonucleotide
primers spanning the 3’ portion of the HIV-1 genome in both
orientations (15).

Virus Infection. Virus stocks were generated by transfec-
tion of 50% confluent 10-cm COS-7 plates with 10 ug of
proviral DNA and 2 pg of pCV-1 (1af expression vector) (16)
by the calcium phosphate method (13) followed by dimethyl
sulfoxide shock (2-min wash with 10% dimethy] sulfoxide in
DMEM 12 hr posttransfection) before refeeding with fresh
medium. Culture supernatants were harvested 36 hr post-
transfection, filtered (pore size, 0.2 wum), and titered by
determination of reverse transcriptase (RT) activity (17).
Viral inocula consisting of 50.000 cpm of RT activity in 1 m}
were used to infect 200,000 primary monocytes 7 days after
plating or 500,000 PBMCs 4 days after plating. Virus repli-
cation was monitored by serial determinations of RT activity
in culture supernatants.

RESULTS

ADA Molecular Clone. A 3569-base-pair (bp) Sac 1/Sac 1
molecular clone was isolited from unintegrated DNA pre-
pared from a monocyte culture productively infected with the
ADA isolate. The ADA clone spanned the entire env. vpu,
and nef genes. as well as portions of tat, rev. and the 3’ long
terminal repeat (Fig. 1). DNA sequence analysis of the clone
demonstrated 9297 overall nucleotide homology with HXB2,
which is within the range expected for unrelated HIV-1
isolates (14). Similarly. predicted amino acid homologies with
HXB2 ranged from 80% to 93% in the encoded open reading
frames (data not shown). The regions within env of greatest
amino acid homology and divergence between the two clones
corresponded to previously identified conserved and variable
domains. respectively (data not shown) (18). Each of the
ADA-encoded open reading frames was intact and full length,
in contrast to HXB2. in which vpu lacks an initiator methic-
ninc codon and nef is truncated at 123 amino acids (19).
Furthermore, the ADA-encoded rat second exon extended an
additional 14 amino acids bevond the termination codon
observed in HXB2.

Mapping the Monocyte Tropism Determinant. A pancl of
chimeric full-length clones was constructed to assess the
ability of various ADA sequences to confer the capacity for

¥The complete nucleotide sequence of the ADA clone from which the
amino acid sequence reported in this paper was denived has been
deposited 1n the Ger Bank data base taccession no. M60472)
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replication in primary monocytes upon a recombinant con-
struct derived from the monocyte-nonreplicative clones
NL4-3 and HXB2 (Fig. 2). The NLHXADA chimeras were
used to evaluate the ADA-encoded vpu and discrete fractions
of the gp120 portion of env, both separately and together, for
their potential roles in conferring the ability to replicate in
monocytes. All the chimeric NLHXADA clones. as well as
NL4-3 and HXB2, generated virions capable of high repli-
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Fig. 2. Replication of NLHXADA recombinant clones in

PBMCs and primary monocytes. (q) A panel of recombinant clones
generated by exchange of restriction fragments between the ADA,
HXB2. and NL4-3 clones is represented diagrammatically on the left.
The 2.7-kb Sal 1/BamH]1 fragment of each clone hus been expanded
to demonstrate the relative positions of ADA-derived sequences and
HXB2-derived sequences with respect to the open reading frames
and restriction enzyme sites shown above. Peak RT activities
(x10 %) generated by virions derived from each clone in PBMCs
(days 12-18) and primary monocvies (davs 18-24) are indicated on
the right. (5} The replication kinetics of NL4-3, HXB2, und NLHX-
ADA-GP in PBMCs tdashed lines) and primary monocytes (solid
linesyare shown. Similar results were obtained i two to five replicate
cxpenments.
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cation levels in PBMCs. In contrast, only a subset of NLHX-
ADA clones, designated -SM, -KM, -GG, and -GP, generated
virus capable of replication levels detectable by RT assay in
primary monocytes (typically 180- to 500-fold higher than
background). Each of these clones shared in common a
283-bp Bg! 11/PpuMl ADA-derived sequence. Virus from
NLHXADA constructs lacking this element consistently
failed to generate RT levels detectable above background.
The 283-bp ADA-derived element encodes amino acids
240-333 of the mature ADA surface envelope glycoprotein
(Fig. 3). This portion of gp120 encompasses the entire third
variable domain of gp120 (V3 loop) (20) but inciudes only 2
of 11 amino acid residues previously demonstrated to par-
ticipate in or impact on binding to CD4 (21-24). The amino
acid sequence predicted by the Bgl tI/PpuMI element differs
from those of HXB2 and NL4-3 at 22 of 94 positions. To
identify amino acids potentially involved in controlling HIV-1
replication in monocytes. predicted amino acid sequences
from three monocyte-replicative clones (ADA, SF162, Yu2)
and three monocyte-nonreplicative clones (HXB2, NL4-3,
SF2) were aligned (9. 19, 25. 26). In addition, the sequence of
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a molecular clone derived from a2 monocyte-replica‘ive iso-
late in our laboratory (JF-L) was included with the former
group, although no data on the functional properties of this
clone yet exist (6) (Fig. 4). Based on the alignment, six amino
acid residues were identified (ADA gp120 residues 242, 275,
283, 287, 302, and 313), which were different in every case
between the monocyte-replicative and -nonreplicative clones
and could potentialiy account for the observed phenotypic
difference. Of particular note was the presence of a tyrosine
residue at position 283 in each monocyte-replicative clone,
and the presence of an acidic residue at position 287 in each
monocyte-replicative clone, in contrast to the monocyte-
nonreplicative clones, which each contained a basic residue
at this position.

DISCUSSION

Through the use of chimeric HIV-1 molecular clones, we
have demonstrated a discrete region of gp120 to be cnitical for
productive infection of primary monocytes. Our results are
consistent with data obtained in other retroviral systems,

(5)
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ka Complex Qligosaccharide

FiG. 3. Diagram of the ADA-encoded surface envelope glycoprotein. The primary structure of the mature gpl20 protein predicted by the
ADA clone is shown superimposed on the secondary structure determination of the HXB2 gp120 {madified with permission (20): copyright The
American Society for Biochemistry and Molecular Biology 1990). Residues encoded by the monocyte tropism determinant {residues 240-333)
are represented as shaded circles: residues implicated in CD4 binding are represented as partially shaded circles: the remaining residues are
represented as open circles. Residues tocated within varable domains are enclosed in boxes. Arrows designate residues identified by sequence
alignment («ee Fig. ) as potentially involved in conterning the ability to establish productive infection of primary muonocy tes.
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are grouped with ADA as capable of productively infecting monocytes. whereas the clones HXB2, N1.4-3, and SF2 are grouped as incapable
of productive monocyte infection, based on the data in Fig. 2 (NL4-3, HXB2, and ADA). on published data (SF2 and SF162: ref. 25). and on
our unpublished data (Yu2 and JF-L). Amino acid numbers shown correspond to those of the mature ADA gp120 protein (HXB2 gp120 residues
243-337). Dots mark the position of every 10th residue. Asparagine residues involved in N-linked glycosylation are underlined (20). Arrows
indicate residues shown to be necessary for CD4 binding. The V3 domain is also indicated. Positions at which all four monocyte-replicative clones
differ from residues encoded by the three monocyte-nonreplicative clones are highlighted by solid boxes.

including avian leukosis viruses, avian sarcoma viruses, and
murine leukemia viruses. in which alterations in env have
been shown to be responsible for changes in host cell tropism
(27-30). More recently, it was reported that “‘the envelope
region’’ of HIV-1 was responsible for conferring monocyte
tropism (25). In that study. involving the monocyte-
nonreplicative and -replicative clones SF2 and SF162. re-
spectively, the capacity for replication in primary monocytes
was mapped to a 3.1-kb EcoRI/Xho | fragment, which was
exchanged between clones. However, since that fragment
encoded not only env, but also tat, rev, vpu, and portions of
vpr and nef, it was unclear which specific gene(s) was
involved in controlling replication in monocytes. Consistent
with that study, our findings are important in that we clearly
demonstrate the critical role of env in H{V-1 infection of
primary monocytes. Furthermore, we have fine-mapped the
env determinant to a discrete 94-amino acid region of the
surface envelope glycoprotein, which encompasses the entire
V3 loop but contains only two residues with previously
demonstrated involvement in binding to CD4. Moreover.
both of these residues are identical between ADA, HXB2.
and NL4-3.

The mapping of this determinant to an env region apart
from the CD4 binding domain is intriguing on several counts.
Previous studies have indicated that CD4 acts as the receptor
for HIV-1 in primary monocytes as well as T4 lvmiphocytes
(31-34). CD4 expression on the surface of cultured mono-
cytes has been demonstrated by immunofluorescence and
Western blotting (34). Recombinant soluble CD4 and anti-
CD4 antibodies effectively block HIV-1 infection of primary
monocytes (33-35). However, it has been reported that lower
CD4 binding affinities were associated with the abilities of
various HIV-1 isolates to infect primary monocytes and that
higher concentrations of soluble CD4 were required to block
infection of both monocytes and T cells by those isclates (33,
35, 36). These data have been interpreted as suggestive of
“accessory’ envelope interactions with elements on the
monocvle cell surface in addition to those with CD4 (36). In
such a scenario, an attenuated CD4 affinity might reflect a
diminished requirement for a strong envelope-CD4 interac-
tion in the presence of putative accessory interaction(s).
Although it remains a possibility that residues within the
94-amino acid element identified in this study may atfect €4
binding I1n an as yet unappreciated manner. our data suggest
that attenuation of CD4 binding affinity may not play a direct
role or represent an absolute requirement for HIV-1infection
of monocytes. Our data remain consistent. however. with the
notion of a monocyte infectivity determinant in env that
functions by mediating accessory non-CD4 interactions at the
cell sunace.

The V3 loop has received a great deal of attention in the
recent past. since it has been shown to contain the immuno-
dominant epitopes against which the majority of type-specific
neutralizing antibody responses in vivo are directed (37, 38).
Furthermore, it has been suggested recently that during the
early stage of HIV-1 infection, a p:oteolytic cleavage event
involving the V3 loop of gpl20 may be required after CD4
binding for normal fusion with the cell membrane and virion
uptake to occur (39). This hypothesis is based on observa-
tions that gpl120 cleavage occurs during production of recom-
binant envelope protein in vitro and that a protease inhibitor
purified from mast cells (trypstatin), as well as V3 loop
peptides, inhibit both proteolytic cleavage and syncytia for-
mation in infected CD4" T celis (39, 40). A requirement for
V3 loop cleavage by cell-surface protease(s) with limited
tissue distribution has been postulated further as a mecha-
nism for restricting the host cell tropism of the virus (39, 41).
According to such a model, with which our data would be
consistent, monocyvtes may display on their surface prote-
ase(s) that recognize only certain V3 loop sequences in
contrast to less discriminatory CD4 ' lymphocyte cell-surface
proteases. Further fine mapping of the tropism determinant
identified in this study, as well as determinations of relative
CD4 binding affinities for the ADA and HXB2 gp120s. should
provide additional insight into the potentii! significance of
C D4 binding affinity and V3 loop cleavage in the determina-
tion of HIV-1 host cell tropism. Furthermore. our localization
of a monocyte intectivity determinant to a discrete portion of
env will facilitate future studies of antigenic drift within the
determinant in vivo. These studies should in turn provide
valuable insights into the role of monocyte infectivity in the
natural history of HIV-Tinfection with respect to phenomena
such as latency. disease progression. and responses to var-
ious antiviral therapices.

The roles of the various HIV-1 accessory genes. including
tat, rev, vprovifovpu, and nef, are understood poorly i the
context of monocyvte infection, largely because molecular
clones capable of infection and replication in primary mono-
cytes have only recently been described. In a recent study
involving the HIV-2 (sbl/isy) proviral clone. which rephcates
in both monocytes and T cells. it was reported that vpr was
essential for replication in monocytes but not in PBMCs or a
CD4” T-cellline (42, In contrast. a frameshift mutation in net’
cxerted no demonstrable effect on replication in monocytes.
The use of NL4-3 in the construction of the NLHXADA
clones described in this study will facilitate an evaluation of
the potential roles of both vpr and nef. since. unlike HX32.
both genes encode tull-length proteins in N1.4-3 (9. The fact
that HXB2-derived sequciices encode the vpu gene in the
NLHXADA clones KM, -GGLand -GPL alt of which reph-
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cated well in primary monocytes, suggests that vpu function
is not an absolute requirement for HIV-1 replication in
monocytes since the HXB2 vpu gene lacks an initiator
methionine codon (19). Further studies involving, for in-
stance, mutagenesis of the various accessory genes will
address the intriguing possibility that additionai genetic ele-
ment(s), acting independently or in concert with the env
determinant. play a role in mediating HIV-1 tropism for
primary monocytes.

Note. After this work was completed. O'Brien ¢t al. (43) and L.iu et
al. (44) published similar reports, which are consistent with these
findings.
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ABSTRACT Covalent linkage of myristate (tetradec-
anoate; 14:0) to the NH;-terminal glycine residue of the human
immunodeficiency virus 1 (HIV-1) 55-kDa gag polyprotein
precursor (Pr558“€) is necessary for its proteolytic processing
and viral assembly. We have shown recently that several
analogs of myristate in which a methylene group is replaced by
asingle oxygen or sulfur atom are substrates for Saccharomyces
cerevisiae and mammalian myristoyl-CoA:protein N-myris-
toyltransferase (EC 2.3.1.97; NMT) despite their reduced
hydrophobicity. Some inhibit HIV-1 replication in acutely
infected CD4* H9 cells without accompanying cellular toxicity.
To examine the mechanism of their antiviral effects, we per-
formed labeling studies with two analogs, 12-methoxydode-
canoate (13-oxamyristate; 13-OxaMyr) and S5-octyloxypen-
tanoate (6-oxamyristate; 6-OxaMyr), the former being much
more effective than the latter in blocking virus production.
{*H]Myristate and [°H]13-OxaMyr were incorporated into
Pr5s&* with comparable efficiency when it was coexpressed
with S. cerevisiae NMT in Escherichia coli. [*H]6-OxaMyr was
not incorporated, even though its substrate properties in vitro
were similar to those of 13-OxaMyr and myristate. [*H]I3-
OxaMyr, but not [*H}6-OxaMyr, was also efficiently incorpo-
rated into HIV-1 Pr55%*% and nef (negative factor) in chroni-
cally infected H9 cells. Analog incorporation produced a re-
distribution of Pr55%*® from membrane to cytosolic fractions
and markedly decreased its proteolytic processing by viral
protease. 13-OxaMyr and 3'-azido-3'-deoxythymidine (AZT)
act synergistically to reduce virus production in acutely in-
fected HY cells. Unlike AZT, the analog is able to inhibit virus
production (up to 70%) in chronically infected H9 cells.
Moreover, the inhibitory effect lasts 6-8 days. These results
suggest that (i) its mechanism of action is distinct from that of
AZT and involves a late step in virus assembly; (ii) the analog
may allow reduction in the dose of AZT required to affect viral
replication; and (iii) combinations of analog and HIV-1 pro-
tease inhibitors may have synergistic effects on the processing
of Pr5sr®,

Myristic acid (14:0) is covalently linked via an amide bond to
the NH,-terminal glycine residues of several proteins en-
coded by the human immunodeficiency wvirus 1 (HIV-1)
genome—the SS-kDa gag polyprotein precursor (PrSSE*®) the
180-kDa gag-pol fusion protein, and a 27-kDa protein termed
“negative factor’” (nef), whose precise role in regulating virus
replication remains uncertain (1. 2). Attachmeant of this rare

‘The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked “advertisement™
n accordance with 18 U S.C §1734 solely to indicate this fact

fatty acid to Pr5s#* is required for HIV-1 replication: trans-
fection of HeLa, COS. or Jurkat cells with a functional
provirus clone of HIV-1 containing a Gly-2 — Ala mutation
in Pr55%*¢ eliminates virus production (3, 4). The nonmyris-
toylated mutant protein appears to undergo redistribution
from the membrzne to the cytosolic fraction (4). Blockade of
myristoylation is also associated with a dramatic reduction in
the rate of proteolytic processing of the polyprotein precursor
by viral protease (4).

We have shown (5) that heteroatom-substituted analogs of
myristate inhibit HIV-1 replication in acutely infected CD4*
H9 cells. In these analogs. a methylene group is replaced by
a single oxygen or sulfur atom. Such replacements produce
a reduction in hydrophobicity comparable to the loss of two
to four methylene groups without significant alterations in
chain length or stereochemistry (6). Metabolic labeling stud-
ies (7) using several cultured cell lines indicated that these
analogs enter mammalian cells and are substrates for acyi-
CoA synthetase and myristoyl-CoA:protein N-myristoyl-
transferase (NMT). Analog incorporation is very selective:
only a subset of cellular N-myristoylated proteins incorpo-
rate a given analog. and a given protein may incorporate one
but not another analog depending on the site of heteroatom
substitution (7). This probably reflects the cooperative inter-
actions that occur between the acyl-CoA and peptide binding
sites of NMT: in vitro studies with purified Saccharomyces
cerevisiae NMT indicate that binding of analog-CoA species
can produce changes in the catalytic efficiencies (V,,/K,) of
some but not all octapeptide substrates (6. 8). These studies
(7 also revealed that analog incorporation had very selective
effects on protein targeting. Only a small subset of analog-
substituted proteins underwent redistribution from the mem-
brane to cytosolic fractions. An even smaller subset of
proteins displaved analog-specific redistribution—i.e.. one
analog affected targeting while another analog, containing an
oxygen-for-methylene substitution at a different position,
produced no detectable change in protein compartmentaliza-
tion (7).

Expiotting celfular NMT activity to deliver analogs of
myristate with altered physicochemical properties provides
an opportunity to examine (in vivo) structural features of the
acyl moiety that affects the functional properties of individual

Abbreviations: HIV-1. human immunodeficiency virus 1. NMT,
myristovli-CoA:protein N-mynistoyltransterase (EC 2.3.1.97; AZT,
Yeazido-3-deoxythymidine: 13-OxaMvyr, 13-oxamyristate (12-
methoxydodecanoate); 6-OxaMyr, 6-oxamyristate (S-octyloxypen-
tanoic acid): RT. reverse transcriptase: PrSS¥® SS-kDa gag poly-
protein precursor: nef, negative factor.
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N-myristoylated proteins. In this report, we used radiola-
beled analogs to begin to define the mechanism of their
inhibitory etfects on HIV-1 assembly in acutely and chron-
ically infected lymphoid cell lines. The results are consistent
with the notion that these compounds function in a manner
that 1s distinct from 3'-azido-3'-dcoxythymidine (AZT).

MATERIALS AND METHODS

Vectors for Expression of gag, gag-pol, or nef in Escherichia
coli. pGG1 contains a fanctional clone of HIV-1 (HXB2gpt2
in ref. 9). pGAl was produced by mutagenesis of the codon
encoding Gly-2 in the gag gene of pGG1 to a codon-encoding
alanine (4). Oligonucleotide-directed mutagenesis was used
to introduce a new Nco ] restriction site at the imuator
methionine (ATG) codon contained in the 5.3-kilobase (kb)
Sac 1 fragment of pGG1 or pGAl. pMGG1 and pMGAL are
gag expression vectors created by subcioning the Nco
I-EcoR1 “*subfragments™ from each of the above plasmids
into pMONS840 (10). pMGPG1 and pMGPAT are gag-pol
expression vectors with codons encoding Gly-2 and Ala-1,
respectively. They were constructed by subcloning the Nco
I-Nco | fragments from pGG1 and pGA1l into pMONSE40.

The polymerase chain reaction was used to introduce
simultaneously a new Nco | site at the initiator methionine
(ATG) codon and a unique Hindlll site 3’ to the termination
codon of the nef gene, in p2/3MBNGI1 (11) and in p2/
IMBNAL (which contains a Gly-2 — Ala mutation). The
627-base-pair (bp) Nco I-Hindlll fragment from each plasmid
was subcloned into pMONS840, yielding the nef expression
vectors pMNGI1 and pMNAL, respectively.

Metabolic Labeling Studies in Human Lymphoid Cells.
Uninfected CD4* H9 cells or those chronically producing
HIV-1 (HIIIIB: ref. 9} were grown in RPMI 1640 medium
containing 10% (vol/vol) fetal bovine serum, 100 units of
penicillin per ml, 100 ug of streptomycin per ml, and 2 mM
glutamine. Cells (107) were ‘‘starved’’ overnight in RPMI
1640/5% d=lipidated fetal bovine serum and then incubated
for 8 hr with fresh medium supplemented with 1 mCi (1 Ci =
37 GBq) of [*H]myristate or tritiated analog (final specific
activity, 32 Ci/mmol) per ml and § mM pyruvate. Cells were
washed twice with phosphatc-buffered saline (PBS) at 4°C,
scraped into ice-cold PBS. pelleted by centrifugation at 250
» g for 10 min, and lysed in radiotmmunoprecipitation assay
buffer (4). For immunoblor analyses, 50 ug of reduced and
denatured lysate protein was separated by SDS/PAGHE (12)
and electroblotted onto nitrocellulose membranes. Virus-
specific proteins were identified by sequential incubation of
the blot with (i) pooled sera of AIDS patients or a monospe-
cific rabbit polyclonal anti-nef serum: (if) biotin-conjugated
goat anti-human (or anti-rabbit) IgG: (iii) avidin-conjugated
horseradish peroxidase (HRP): and (iv) the HRP substrate
4-chloro-1-naphthol.

Chronic Virus Replication Assay. HYIIIB cells were dis-
pensed at 2 x 10° cells per ml of RPMI 1640 medium into each
well of 48-well culture plates. An equal volume of serum-free
RPMI 1640 medium with or without analog (or AZT) was
immediaiely added. After 48 hr, the cells were washed with
serum-free medium to remove residual virus, refed with
complete medium with or without analog, and maintained in
culture for an addibional 48 hr. The cell culture supernatant
was subsequently collected. filtered through a 0.22-pm Mil-
lipore filter, and assaved {or reverse transcriptase activity
(13) or p24 virus antigen (Du Pont. ELISA).

Toxicity Studies. Cell viability was measured at the end of
the treatment period in both acute (4) and chronic replication
assays by (i) metabolic labeling studies with ['Hlleucine or
(*Hlthymidine (5) and (i} determination of the number of
viabie cells based on trvpan blue exclusion (5).

]
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RESULTS

Hcteroatom-Containing Analogs of Myristate Serve as Al-
ternative Substrates for S. cerevisiae NMT and Are Linked to
the gag and nef Proteins of HIV-1 Expressed in F. coli. HIV-1
PrSs#E s efficiently N-myvristoylated when expressed in §.
cerevisiae (14). Therefore, we first compared the substrate
properties of myristate with the oxygen-substituted analogs
in a coupled in vitro assay (6) that contained purified §.
cerevisiae NMT (8) and a radiolabeled octapeptide (Gly-Ala-
Arg-['H]Ala-Ser-Val-Leu-Ser-NH L) representing restdues
2-9 of PrSs**. The results (Table 1) indicated that when
converted to CoA thioesters. the three fatty acids have quite
similar kinetic properties.

A second and more “physiologic ™ assay for analog incor-
poration involved the use of a dual plasmid expression
system thFig. 1A) that allows us to recreate this eukurvotic
protein modification in £. coli, a bacterium that contans no
endogenous NMT activity (101, §. cerevisiae NMT can be
efficiently synthesized (= 1% of total E. coli proteins) when
its gene is placed under the control of the isopropyl S-b-
thiogalactoside-inducible tac promoter in the plasmid
pBB131 (10). Moreover, the fatty acid and peptide substrate
specificities of E. coli-derived S. cerevisine NMT are indis-
tinguishable from th 3se of the authentic yeast enzyme (8. 10).
A second plasmid containing the nalidixic acid-inducible
recA promoter can be used to direct production of & protemn
that is a known or potential substrate for the enzyme.
Sequential induction of each promoter (NMT first) allows
N-myristoylation to occur “‘in vivo™ (10). When NMT und
either wild-type (Gly-2) gag-pol (pMGPG1) or gag (pGGD)
sequences were coexpressed in E. coli. a prominent radio-
labeled 41-kDa band was recovered from [‘H]mynstate-
labeled lysates by using anti-HIV-1 serum (Fig. 18, lanes 1
and 3). Since synthesis of the 180-kDa gag-pol polyproteinar
eukaryotic cells occurs by an inefficient translational frame
shifting mechanism (15). we did not expect to find a labele .
product of this size tn £. coli. However, only trace quantities
of the intact [*H]myristate-labeled Pris&*® polypeptide were
noted after immunoprecipitation of E. coli lysates even
though this species could be casily detected in immunoblots
(Western blots) of the same lysates (compare Fig. 18 Lefrand
Right). [Previous studies in £, cofi (16, 17)and §. cerevisiue
(14) indicated that PrS5#* yndergoes proteolytic processing
to a 41-kDa form even in the absence of HIV protease. |

The ['H]mynistate 41-kDa labeled band was not present i
lysates prepared from Gy strans producing NM T and muiant
{Ala-2-containing) gag-pol (pMGPAD or gag (pGAD poly-
peptides and (i) stiauns that contained pBB13] and
pMONSR40, the expression vector lacking HIV-1 sequences
(Fig. 1B, lanes 2. 6, and 9). Western blot analyss revealed

Table 1. In virro charactenization of fatty acid analogs using an
octapeptide (GARASVLES NH . derved from the NH- terminus
of HIV-1 Prase®

Peptide CFathhaond

Farty aad Ao Vo Vo A AL Vo
CHCH-COOH 9 100 12 N i
CHO(CH ) COOH T 12 ] o
CHUCHOWH,COO 14 HI8 N N oo

Asan previous reports e oootet Cnothe opoparen peptide A and
Vi was st determined byoasne sifuzating concentrations of
analog (15 wMy FheacnvBCo A A o d Vi owas then measored by
using the peptide substrate cspecitic 2oty 0.8 Crommob at s A,
The kinetic propertics. of cach aalog CoA were determined L
parallel with nivistovl-CoA - Al experiments were performed three
tumes.cnd the datawere inveraged . Directmeasurements ot acyH-CoA
production by Podomonas aevl-CoA wyathetase (61hindicate tha
e of the three ttiated tatts acids has simular substiate propestie

tethicreney of conversion to ther CoA thioesters [
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FiG. 1. Coexpression of S. cerevisiae NMT and HIV-1 gag, gag-pol, or nef in E. coli. Dual plasmid expression system. (B) Coexpression

of NMT and HIV gag, or gag-pol, in midlogarithmic phase E. coli metabolically labeled (9) with [*H)myristic acid (myr} or tritiated analog (ref.
7, final specific activity = 32 Ci/mmol; 100 x.Ci/ml of culture). (B Left) Inmunodetection of HIV gag in the E. coli lysates (50 ug of total protein)
after reduction, denaturation, and electrophoresis through 7.5-20% polyacrylamide gels. Anti-HIV-1 sera were used to probe the Western blot.
(B Right) Immunoprecipitation of the [*H]myristic acid- or tritiated analog-labeled HIV-1 gag protein with the same antiserum. (C) Coexpression
of NMT and HIV-1 nef in E. coli (50 ug of total protein) labeled with [*H]myristate or tritiated analog and detected by immunoc:ot (Lefr) or
immunoprecipitation (Right) with rabbit anti-nef sera. 06, 6-OxaMyr; 013, 13-OxaMyr; gl0-L, bacteriophage T7 gene /0 leader.

that the steady-state levels of the 55- and 41-kDa wild-type
and mutant gag polypeptides were identical in all E. coli gag
transformants and that neither species was present in bacteria
containing pBB131 and pMONS840 (Fig. 1B Left). Control
experiments also established that strains containing wild-
type gag or gag-pol recombinant plasmids alone or either of
the plasmids with pMONS839 (pBB131 without the NMT/
insert) failed to incorporate [*H]myristate (data not shown).

Parallel studies revealed that tritiated 12-methoxydodec-
anoate [13-oxamyristate (13-OxaMyr)] was as efficiently in-
corporated into the wild-type gag as myristate (compare lanes
3and 4in Fig. 1B). Incorporation was blocked with the Gly-2
— Ala mutation and required simultaneous expression of
both NMT and gag (or gag-pol) (Fig. 1B, lanes 7 and 10).
Interestingly, tiitiated 5-octyloxypentanoate [6-oxamyristate
(6-OxaMyr)] produced no detectable labeling of the wild-type
gag proteins (I''g. 1B, lanes 5, 8, and 11). This finding,
together with the in vitro data presented in Table 1 and the
fact that treatment with the radiolabeled analog had no effect
on the steady-state levels of the HIV-1 proteins in E. coli (as
determined by Western blots), suggested that the efficiency
of import of [*H]6-OxcMyr by the E. coli fatty acid trans-
porter (18) may be poor. suh<equent onalyses showed that
after a 30-min incubation period, uptake of [*H]6-OxaMyr
into logarithmically growing E. coli strain JM101 is 1/10th
that of [*H]13-OxaMyr. allowing us to postulate that the
position of heteroatom substitution may effect interactions
with this inner membrane-associated protein (18).

Similar labeling patterns were seen with nef (Fig. 1¢).
Myristate and 13-OxaMyr were incorporated into this protein
with comparable efficiency (compare lanes 1 ar” 3 in Fig. 1C
Right). Even though the wild-type (Gly-2)an = tant (Ala-2)
nef proteins achieved comparable steady-state iwvels (Fig. 1C
Left), only the Gly-2-containing species was labeled (Fig. 1
Right, compare lanc 1 with 4 and 3 with 6). Incorporation of
[*HJmyristate or the analog required simultaneous expression
of NMT and nef (Fig. 1C Right. lanes 1 and 7): {"H16-OxaMyr
labeled this protein poorly (lanes 2 and §).

13-OxaMyr Inhibits Proteolytic Processing of HIV-1 Pr§se
in Chronically Infected Human Lymphoid Cells. H9/111B cells

chronically produce HIV-1. Labeling studies indicated that
{*H]}myristate-labeled gag proteins (55 and 41 kDa) are almost
equally distributed between cytosolic (S100) and membrane
(P100) fractions prepared (4) from these cells (cytosolic/
membrane ratio = 1; Fig. 2B). The pl7 matrix antigen of
HIV-1 contains the NH-terminal myristoyl moiety and is
cleaved by the virus-specific protease from Pr55¢% at the
plasma membrane during virus assembly. Fig. 2B shows that
this [*H]myristate-labeled protein is almost exclusively as-
sociated with the P100 fraction. The additional 27- and
25-kDa labeled bands seen in these lanes represent incorpo-
ration of myrist~ie into nef species (these were immunopre-
cipitated wiu . monospecific rabbit anti-nef serum) (Fig.
2C). Dete tion ot two N-myristoylated {forms of nef is not
surprising because the H9/111B isolate is a mixture of at least
three viral strains and produces several nef species including
the intact 27-kDa protein as well as a species that is truncated
at the COOH terminus (refs. 9, 11, and 12 and our unpub-
lished observations).

13-OxaMyr was incorporated into the 27- and 25-kDa nef
proteins but did not affect their predominant cytosolic dis-
tribution (Fig. 2C). By contrast, 13-OxaMyr incorporation
into PrSs#*& was associated with a redistribution from the
membrane to the cytosolic fraction (cytosolic/membrane
ratio = 3; Fig. 2B). Morcover, there was a marked reduction
in the intensity of labeling of p17 (compare the myristate- and
13-OxaMyr-labeled pellet fractions in Fig. 2B). suggesting
that the analog inhibited proteolytic processing of PrSSge,
Incubation of H9/IIB cells with (‘H]6-QCxaMyr for & hr
resulted in very poor labeling of nef (Fig. 2C) and virtually
undetectable labeling of the gag proteins (Fig. 2R;.

To examine the specificity of the analog’s effect on pro-
teolytic processing, we incubated H9/11IB cells for 48 hr with
40 M 13-OxaMyr, 40 uM decanoate (10:0) (the hydropho-
bicities of 13-OxaMyr and decanoate are equivalent: ref. 6).
0.1% ethanol (the solvent used to dissolve the analog). or §
uM AZT, Western blots of total cellular proteins were then
probed with a mouse monoclonal anti-p24 antiserum (4).
Pros& and its specific cleavage product p24 were readily
identified in cach of the lysates (Fig. 2A4). A marked decrease
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13-OxaMyr blocks proteolytic processing of HIV-1 Pr55¢ in chronically infected human lymphoid cells. (A) Immunoblot detection

of HIV Pr55%°¢ and p24 in HIIIIB cells after incubation with medium alone (lanes C), 0.1% ethanol (lane E), 40 uM decanoic acid (lane C10),
40 uM 13-OxaMyr (lane O13), or 5 uM AZT (lane AZT). A monocional anti-p24 antibody (4) was used. (B) Immunoprecipitation of HIV-1 proteins
in 100,000 x g soluble (lanes S) or pellet (lanes P) fractions of HIIIIB cells metabolically labeled (4) with [*H)myristate (lanes myr),
[*H}13-OxaMyr (lanes O13), or [*H]6-OxaMyr (lanes 06). The intact Pr55& is indicated by an asterisk. (C) Immunoprecipitation of HIV nef
species from the same fractions as in B. The results shown in A-C are representative of those obtained in three independent experiments.

in proteolytic processing of Pr55%% to r24 was noted only
with analog treatment.

[’H}13-OxaMyr Reduces the Concentration of AZT Re-
quired to Inhibit HIV-1 Replication in an Acute Replication
Assay. 13-OxaMyr produces a dose-dependent reduction in
HIV-1 production in acutely infected CD4* H9 cells without
accompanying cellular toxicity: the =90% reduction in cell-
free reverse transcriptase (RT) and p24 antigen levels
achieved with 20-40 uM analog is comparable to that pro-
duced by 5 uM AZT (5). We examined the combined effect
of 13-OxaMyr and AZT because (i) the data presented in Fig.
2 suggested that 13-OxaMyr may affect a step that occurs late
in virus replication (i.e., assembly at the me.nbrane and/or
proteolytic processing of gag polyprotein precursors), and (i)
AZT blocks proviral DNA synthesis by inhibiting RT—an
early step in virus infectivity. We determined in preliminary
experiments (data not shown) that 0.03 uM AZT produced a
50% reduction in virus-associated RT activity. At concen-
trations where neither analog nor AZT alone produced sig-
nificant (>10%) reductions in virus production, the combi-
natior of the two compounds produced a moderate but
reproduciole synergistic effect (0.01 or 0.02 uM AZT plus 0.1
or 1.0 uM analog in Fig. 34). When the concentration of
analog exceeded 10 M or when AZT was added at 0.05 uM
or more, the advantage of combining drugs was obscured by
the significai. effect of each alone.

(*H]13-OxaMyr Inhibits Chronic HIV-1 Production in H9/
IIIB Cells. Chronically infected cells in human hosts could
play a significant role in HIV-1 persistence and latency. Virus
production from such cells would not be affected by treat-
ment with AZT. However, compounds that disrupt late steps
in virus replication could decrease virus load and interrupt
the replicative cycle. Therefore, the effects of 40 uM 13-
OxaMyr, 40 uM decanoate, S uM AZT, and 0.1% ethanol
were compared in chronicalily infected cells. A 60% reduction
in p24 antigen and RT activity was documented 2 days after
treatment with analog: AZT, decanoate, or ethanol had no
effect on these measvres of virus production (Fig. 3B).
Furthermore. analog treatment had no demonstrable toxic
effects on the host H9 cells as measured by cell number and
protein synthesis (Fig. 3B).

The long-term effect .f this analog (50 uM) on virus
production was tested by extending the treatment period to
12 aays (Fig. 3C). RT activity was reduced =70% by day 6
o“ treatment and was maintained at this level until removal of
1--OxaMyr from the culture medium, Analog withdrawal
resulted in a progressive rise in RT activity. However, no

increases were noted for 48 hr, and levels had not fully
returned to pretreatment or control (0.1% ethanol) values 8
days later (Fig. 3C). (Note that the number of viable cells in
each of the test groups was comparabile at the end of the test
period.) The long-lived antiviral effect suggests that the
analog is able to avoid metabolic processing and/or that the
intracellular levels of drug that are required to inhibit HIV-1
replication may be very low.

DISCUSSION

We have explored the mechanism by which myristic acid
analogs can selectively inhibit HIV-1 replication and assem-
bly. A dual plasmid expression system that reconstitutes
protein N-myristoylation in E. coli was initially used to
determine whether two fatty acid analogs—differing only in
the site of the oxygen-for-methylene substitution—could be
converted to their CoA thioesters and incorporated into
HIV-1 Pr558% and nef proteins. [*H]13-OxaMyr worked as
well as myristate in this assay system and also was incorpo-
rated into these two proteins in H9 cells. This analog causes
Pr558#2 to redistribute from membrane to cytosolic fractions
and markedly reduces its proteolytic processing by viral
protease. These results have implications not only about the
function of the myristoyl moiety in Prs58% but also about
potential therapeutic strategies for the treatment of AIDS.

The metabolic labeling studies carried out in HIV-1-
infected H9 cells confirmed our earlier hypothesis (5) that
13-OxaMyr serves as an alternative substrate for human
lymphocyte acyl-CoA synthetase and NMT. The poor incor-
poration of [*H]6-OxaMyr into gag and nef was part of a
general failure to label H9 cellular proteins compared with
{*H]myristate and (*H]13-OxaMyr (data not shown). Studies
with a murine myocyte celi line (BC3;H1) and rat fibroblasts
have indicated that 6-OxaMyr is incorporated into a much
smatler subset of cellular proteins than is 13-OxaMyr (7). This
may reflect differences in their uptake, conversion to acyl-
CoAs, susceptibility to metabolic processing, and/or inter-
actions with NMT.

The two observed consequences of incorporating 13-
OxalM  rinto Pris#® (redistribution from membrane to cyto-
solic .. aictions and inhibition of proteolytic processing) may
be interrelated. Gly-2 — Ala mutagenesis of Pr558*¢ blocks
N-myristoylation and proteolytic processing in HeLa cells
(4). However, the Myr' -PrS5%¥# can be processed by purified
HIV protease in virro (4). The myristoyl moiety may be
required for intermolecular association of the larger gag-pol
precursor and autocatalytic release/activation of viral pro
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Fi1G. 3. Effect of 13-OxaMyr (0O13) on the propagation of HIV-1
in acute and chronic replication assays. (A) Combined effect of
13-OxaMyr and AZT on virus replication in an acute infectivity assay
(5). HIV-1-infected H9 cells were treated with 13-OxaMyr, AZT, or
both for 10 days (5). and virus replication was measured by RT
activity and compared to untreated or ethanol (0.1%)-treated infected
cells. The SEM at each point varied no more than 10% (n = 2
experiments, each assay done in triplicate). (B) The effect of 40 uM
13-OxaMyr (bars O-13). 5 uM AZT, 40 uM decanoate (bars C10:0),
and 0.1% ethanol on virus production and cell viability in chronically
infected H9/I1IB cells is expressed as a percentage of untreated
virus-producing cells. (C) The long-term effect of 50 uM 13-OxaMyr
on HIV-1 replication in chronically infected H9I1IB cells. The
virus-producing cells were treated with 50 uM 13-OxaMyr (O13) or
0.1% ethano! for 48 hr, washed to remove residual virus, and refed
every other day with medium containing either 13-OxaMyr or
ethanol. On day 12, the cells were washed and refed with medium
alone.

tease (19) or it may exert its effects by stabilizing association
with the plasma membrane where such protein—protein in-
teractions could become more likely, and autocatalytic cleav-
age, more efficient. Although the precise mechanism is
unclear, out data suggest that treatment of H9 cells with
combinations of HIV protease inhibitors and heteroatom-
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containing analogs may produce even greater (synergistic?)
inhibition of gag polyprotein precursor processing. Addi-
tional experiments with radiolabeled analogs containing
other structural perturbations may provide further insights
about the physical-chemical features of the ac vl chain that are
required for targeting and processing of HIV-1 gag proteins.

The results obtained in the chronic virus replication assay
are consistent with the hypothesis that 13-OxaMyr affects a
late step in the virus life-cycle. However, it is premature to
conclude that the analog exerts its antiviral effects only as a
result of its incorporation into gag, gag-pol, or nef. It may
perturb the biological function of other cellular N-myristoyl-
ated proteins that could modulate the course of viral infec-
tion. For example, the NH,-terminal region of the src-like
protein tyrosine kinase, p56'*, interacts with the cytoplasmic
domain of the cell-surface glycoproteins CD4/CD8 on the
inner aspect of the plasma membrane (20, 21). Such interac-
tions appear to be important in T-lymphocyte prollferauon
and activation (21). Analog mcorporatlon into p56'* may
disrupt these events. Our results do raise the possibility that
combination chemotherapy with these analogs and AZT not
only may allow reduction in the dose of AZT, but also may
provide a therapeutic strategy that is useful for both acute and
chronic aspects of viral infection.

This work was supported by grants from the National Institutes of
Health, the Mounsanto Company, and the American Foundation for
AIDS Research.

1. Veronese, F. D., Copeland, T. D., Oroszlan, S., Gallo, R. C. &
Sarngadharan, M. G. (1988) J. Virol. 62, 795-801.

2. Guy, B, Kieny, M. P., Riviere, Y., Lepeuch, C., Dott, K., Girard,
M., Montagnier, i.. & Lecocq, J. P. (1987) Nature (London) 330,
266-269.

3. Gottinger, H. G., Sodroski, J. G. & Haseltine, W. A. (1989) Proc.
Natl. Acad. Sci. USA 86, 5781-5785.

4. Bryant, M. L. & Ratner, L. (1990) Proc. Natl. Acad. Sci. USA 87,
523-527.

S. Bryant, M. L., Heuckeroth, R. O., Kimata, J. T., Ratner, L. &
Gordon, J. 1. (1989) Proc. Natl. Acad. Sci. USA 86, 8655-8659.

6. Heuckeroth, R. O., Glaser, L. & Gordon, J. 1. (1988) Proc. Nail.
Acad. Sci. USA 85, 8795-8799.

7. Johnson, D. R., Cox, A. D., Solski, P. A., Devadas, B., Adams,
S. P., Leimgruber, R. M., Heuckeroth, R. O., Buss, J. E. & Gor-
don, J. 1. (1990) Proc. Nail. Acad. Sci. USA 87, 8511-8515.

8. Rudnick, D. A., McWherter, C. A., Adams, S. P., Ropson, L. J_,
Duronio, R. J. & Gordon, J. 1. (1990) J. Biol. Chem. 265, 13370~
13378.

9. Fisher, A. G., Ratner, L., Mitsuya, H., Marselle, L. M., Harper,
M. E., Broder, S., Gallo, R. C. & Wong-Staal, F. (1986) Science
233, 655-659.

10. Duronio, R. J., Jackson-Macheliski, E., Heuckeroth, R. O., Olins,
P. O., Devine, C. S., Yonemoto, W., Slice, L. W., Taylor, S. 8. &
Gordon, J. 1. (1990) Proc. Natl. Acad. Sci. USA 87, 1506-151C.

11. Ratner, L., Fisher, A., Jagodzinski, L. L., Mitsuya, H., Liou,
R.-S., Gallo, R. C. & Wong-Staal, F. (1987) AIDS Res. Hum.
Retroviruses 3, 57-69.

12, Laemmli, U. K. (1970) Nature (London) 227, 680-685.

13. Poiesz, B. J., Ruscetti, F. W, Gazdar, A. F., Bunn, P. A.. Minna,
1. D. & Gallo, R. C. (1980) Proc. Nail. Acad. Sci. USA 77,
7415-7419.

14. Bathurst, 1. C., Chester, N., Gibson, H. L., Dennis, A. F., Ste-
imer, K. S. & Barr, P. (1989) J. Virol. 63, 3176-3179.

15. Jacks, T., Power, M. D., Masiarz, F. R., Luciw, P. A., Barr, P. J.
& Varmus, H. E. (1988) Nature (London) 331, 280-283.

16. Debouck, C., Gomiale, J. G., Strickler, J. E., Meek. T. D., Met-
calf, B. W. & Rosenberg, M. (1987) Proc. Natl. Acad. Sci. USA 84,
8903-8906.

17. Komiyama, N., Hattori, N, Inoue. J.-1., Sakuma, S., Kurimura, T.
& Yoshida, M. (1989) AIDS Res. Hum. Retroviruses 5. 411-419.

18. Nunn, W. D., Colburn. R. W. & Biack, P. N. (1986} J. Biof. Chem.
261, 167-171.

19. Navia, M. A., Fitzgerald, P. M. D., McKeever, B. M., Leu, C.,
Heimbach, J. L., Herber, W. K., Sigal, 1. S., Darke. P.L. &
Springer, J. P. (1989) Nature (London) 337, 615-620.

20. Veillette, A., Bookman, M. A., Horak, E. M, Samelson. L. E. &
Bolen, J. B. (1989) Nature (London) 338, 257-259.

21. Turner, J. M., Brodsky, M. H., Irving, B. A, Levin, S. O.. Perl-
mutter, R. M. & Littman. D. R. (1990) Cell 60, 755-765.




JOurNAL 0 VIROLOGY, June 1992, p. 39253931 Vol 66, No. 6
0022-538X/92/063925-07302.000

Copyright ¢ 1992, Amencan Society for Microbiology

Dual Regulation of Silent and Productive Intection in Monocytes by
Distinct Human Immunodeficiency Virus Type 1 Determinants

PETER WESTERVELT,' TIMOTHY HENKEL.' DAVID B. TROWBRIDGE.' JAN ORENSTEIN* JOHN HEUSER,*
HOWARD E. GENDELMAN,* anp LEE RATNER'*

Departments of Medicine and Molecular Microbiology' and Cell Biology,” Washington University School of Medicine,
St. Louis, Missouri 63110; Department of Pathology, George Washington University, Washington D.C. 20037°: and
Henry M. Jackson Foundation for the Advancement of Militarv Medicine and the Department of
Cellular Immunology, HIV Immunopathogenesis Program, Walter Reed Armny Institure of Research,
Rockville, Maryland 20850"

Received 23 December 1991/Accepted 16 March 1992

The regulation of human immunodeficiency virus type 1 infection and replication in primary monocytes was
investigated by mutagenesis of recombinant proviral clones containing an env determinant required for the
infectivity of monocytes. Virus replication was assayed by determination of reverse transcriptase activity in
culture fluids and by recovery of virus from munocytes following cocultivation with uninfected peripheral blood
mononuclear cells. Three virus replication phenotypes were observed in monocytes: productive infection, silent
infection, and no infection. Incorporation of the monocytetropic env determinant in a full-length clone
incapable of infection or replication in primary monocytes (no infection) conferred the capacity for highly
efficient virus replication in monocytes (productive infection). Clones with the env determinant but lacking
either functional vpr or vpu genes generated lower replication levels in monocytes. Mutation of both vpr and
vpu, however, resulted in nearly complete attenuation of virus replication in monocytes, despite subsequent
virus recovery from infected monocytes by cocultivation with uninfected peripheral blood mononuclear cells
{silent infection). These findings indicate a central role for the ““accessory’” genes vpu and vpr in productive
human immunodeficiency virus type 1 replication in monocytes and indicate that vpu and vpr may be capable

of functional complementation.

Human immunodeficiency virus type 1 (HIV-1) infection
of macrophages has been demonstrated in brain, spinal cord,
lung, lymph node, and skin during subclinical infection and
disease and is postulated to underlic important clinical
manifestations of HIV-1 infection, including disease latency
and devclopment of a spectrum of AIDS-rclated central
nervous system disorders (2, 4, 11, 14, 15, 19, 33, 37).
However, detailed molecular analysis of virus-host cell
interactions involving monocytes was limited until recently
by the restricted tropism of the carliest and most widely
studied HIV-1 genctic clones for primary monocytes cul-
tured in vitro (14, 15). Previously, we and others have
demonstrated that a discrete env determinant, including the
V3 loop but not the CD4-binding domain, is necessary and
sufficient for HIV-1 infection of monocytes (23, 29, 36).
Additionally, we have identified three virus replication phe-
notypcs in monocytes in vitro, using molecularly defined
proviral clones (35). These include productive infection,
with the gencration of high virus replication levels: silent
infection, with low to undctectable virus replication in
monocytes. despite ultimate virus recovery from infected
monocytes following cocultivation with uninfected, phyto-
hemagglutinin-stimulated  peripheral  blood  mononuclear
cells (PBMCs [lymphoblasts]): and no infection, with neither
virus replication in nor virus recovery from monocytes
ohserved. In the present study. we investigated the roles of
the HIV-1 “accessory™ genes vpr and vpu, which are
dispensable for virus replication in primary and immortal-
ized CD4" T iymphocytes. We demonstrate that vpr and vpu
arc central to the regulation of virus replication in primary
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monocytes and together mediate the expression of silent
versus productive infection.

To study viral regulation of monocyte infection, we uti-
lized a panel of chimeric HIV-1 clones, constructed from the
nonmonocytctropic clone HXB2 and the monocytetropic
clone ADA. as previously described (16, 26, 350 36). To
correct a vpr defect in cach of these clones, the result of a
single basc inscrtion in HXB2, 2.7-kb Sa/l-BamH1 HXADA
DNA fragments (nucleotides 5785 to 8474) were subcloned
into the full-length proviral clone NL4-3, in which the vpr
open reading frame is intact (1). The resultant NLHXADA
clones contained the ADA-derived ey determinant previ-
ously localized to nucleotides 7040 to 7323, flunked by
additional ADA- or HXB2-derived sequences encoding
other portions of emv and vpu and small portions of rat and
rev. A clone in which the entire S785-10-8474 sequence was
HXB2 derived (thus lacking a monocytetropic em: determi-
nant) was uscd as a negative control for these experiments.
Because HXB2 lacks a vy initiator methionine codon,
clones in which yyne was HXB2 derived were defective for
that product. in contrast to clones with an ADA-encoded
vpue Finallyv, o vpr mutant corresponding to cach NLHX-
ADA clone wus generated by introducing a frameshitt n-
tation at codon 63,

Virions trom the recombinant clones, generated by trans-
fection, were assaved for their ability to infeet and replicate
in primary monocvtes by the presence of reverse tran-
seriptase (RT) activity in culture supernatants (25) and by
the ultimate recovery of virus following cocultivation ol
monocytes with unminfected PBMCs. The results are summa-
rized in Fig. 1. Al clones contaning the ADA-derived emv
determinants and an intact vpr pene generated high virus
replication levels i monocvies, Tnactivation of yprin these
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FIG. 1. Repheation of recombinant HIV-T clones wath both wild-tvpe and mutant vpr genes. (A) The panel of recombimant NLHXADA
clones is represented diggrammatically. The region of the cenome corresponding to the HNADA tiagments tnucleotides $75% 10 8474008
expanded to highlight the refative positions of HXB2-and ADA-denved sequences, The open reading trames in this portion of the genome
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clones, howcever, generated divergent results, depending
upon the derivation of nucleotide sequences 5999 to 6345
(SK fragment). Clones in which this portion of the genome
was ADA derived generated lower (but readily detectable)
virus replication levels than did their wild-type vpr counter-
parts. However, vpr mutants in which SK was HXB2
derived typically failed to generate virus replication levels
detectable above background in monocytes, despite subse-
quent virus recovery from these cultures onto uninfected
PBMCs. The negative control clone, which carried a wild-
type vpr but lacked the monocytetropic env determinant.
generated virions which neither replicated in nor were
recovered from monocytes, as previously demonstrated. No
significant differences were scen in the replication of cach
virus strain on PBMCs obtained from several different
donors.

Monocytes were infected with recombinant HIV-1 clones
containing a functional vpr gene, stained with toluidine blue,
and examimed by light microscopy (1-pum-thick plastic sec-
tions). Culitures infected with a nonmonocytetropic virus,
NLHXADA-SK, which contains a functional vpu gene, were
indistinguishable from uninfected cells, with rarc, small
multinucleated cells (Fig. 2A). Cultures productively in-
fected with virus containing the monocytctropic env deter-
minant and a functional (NLHXADA-SM [Fig. 2B]) or
nonfunctional (NLHXADA-GG [Fig. 2C]) vpu gene showed
characteristic cytopathic effects (15). These consisted of the
formation of multinucicated giant cells, often containing 10
or more nuclei per cell, and ccll lysis. The frequencics and
sizes of these cells were comparable in the NLHXADA-
SM- and NLHXADA-GG-infccted monocyte cultures. Virus
production and cellular degencration and nccrosis were
primarily confined to the multinucleated cells. Transmission
clectron microscopy examination demonstrated typical bud-
ding and maturc virions in intraccllular vacuoles that were
associated with the plasma membranc, in both the presence
and abscnce of vpu, but not in the NLHXADA-SK-infccted
cells (Fig. 2D). Freezce fracture scanning electron micros-
copy demonstrated budding of virion particles from the
plasma membranc of monocytes infected with virus which
lacked a functional vpu (Fig. 2E). No virus could be detected
in monocytes infected with recombinant clones lacking both
vpr and vpu (data not shown).

The SK fragment encodes the entire vpu gene product, 14
amino acids at the C termini of both the tat and the rev first
exons, and the N-terminal 41 amino acids of env (Fig. 3).
Although the absence of a vpu initiator methionine codon in
HXB2 is the most obvious difference between the SK
portions of HXB2 and ADA, a role for tat, rev, or env could
not be ruled out. The env scquences differ at 7 of 41
predicted amino acid positions, not including the nonaligned
insertion of 3 residues and deletion of 4 residues in ADAL All
but three of these differences are confined to the signal
peptide, which varies by up to 3077 between different clones
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(20). Furthermore, tar and rev both differ at 3 ¢of 14 amino
acid positions between the ADA and HXB2 SK fragments,
with four of these six changes being conscrvative in nature.
Therefore, it is unlikely that these alterations in emv, rat, or
rev alter thetr function. However, to formally determine the
specific requirement for vpu during HIV-1 infection of mono-
cytes, the vpu initiator methionine codon of the silent
infection clone NLHXADA-GG (vpr mutant) was restored
by site-directed mutagenesis. The resultant clone was found
to gencerate virus capable of productive infection of mono-
cytes (data not shown).

HIV-1 and related lentiviruses are distinet from most other
retroviruses in that besides the structural gug. pol. and eme
genes common to all retroviruses, they aiso encode 4 num-
ber of genes whose functions have been shown or are
speculated to be regulatory in nature. In HIV-1, these genes
include tat, rev, vif, nef, vpu, and vpr (6-8, 26, 32, 38). Whilc
tat, rev, and vif arc cssential for viral gene expression or
virion infectivity, the precise role and overall importance of
vpr, vpu, and nef are unclear, since these genes are dispens-
able for virus infection and replication in CD4 " lymphocvtes
in vitro (8-10, 12, 13, 22, 24, 30, 32). The availability of
molccular HIV-1 clones which infeet and replicate in mono-
cytes at levels comparable to those ebserved with many
monocytetropic virus isolates has facilitated investigation of
the role that these viral genes may play in reguliting the
virus life cycle in monocytes. In the present study, we
obscrved moderately decreased levels of virus replication in
the absence of cither vpr or vpue, whereas in the absence of
both genes, virus replication in monocytes dropped to levels
barcly at or below the Ievel of detection by the RT assay,
such that infection of these cells usually could be detected
only by virus rescue onto PBMCs.

The vpr open reading frame encodes a protein of 96 amino
acids in most HIV-1 clones and is conserved in other
lentiviruses, including visna-maedi virus (20, 31}. Previous
studics have shown that yvpr is not required for HIV-1
infection or replication in CD4' lymphocytic cell lines
vitro, although its inactivation led to slower replication
kinctics and delayed cytopathogenicity in these cells (6, 10,
24). A recent study involving HIV type 2 (HIV-2) has shown
that vpr is likewise dispensable during infection of PBMCs
and T-cell lines but essential for productve infection of
monocytes (17). The vpr protein has been demonstrated by
radioimmunoprecipitation to be virion associated, and *Hus it
is speculated to function cither late in the virus life «vcle,
during particle assembly or maturation. or carly, during the
initial stages of infection (6). The vpu gene encodes an 80-
to-82-amino-acid protein. [t has not been reported whether
the vpu protein is found in virion particles. vpue has been
shown o augment virion particle release frominfected cells
without affecting levels of viral RNA or protein svnthesis (8,
32). In the absence of vpre, @ higher ratio of immature to
mature particles has been scen, with o shitt 0 capsid

recombinant NLHXADA clones. To inactivate vpr, clones were digested with EcoR1 (nucleotide §745), treated with Klenow fragment, and
refigated to generate a 4-bp insertion, as previously described (241, The replication levels of these clones in monocyies are summanized to the
right of each clone. Monocytes were infected as previously described {36) by using filtered virus stocks generated by transtection of proviral
DNA onto SW480 cell monolayers, and titers were determined by measuring RT activity. Infections were done at los muluplicities of
infection (10 to 100 tissue culture infective doses per welly with monoceytes pliated at an imitial density of 2 % 107 cells per well. Virus rephication
was monitored by sertal determinations of RT activity in culture supernatants (23). Peak RT activities (davs 26 1o 293 are expressed as 10
counts per minute per milliliter. To determine virus rescue. tresh, unintected PBMCs were added to monocyte cultures at 29 days
postinfection, cocultivated (co-culty for 2 days. and maintained separately for up 1o 12 additional dayvs, while RT activits was monitored.
Rescue was scored as positive with two successive RT results that were more thin fivefold above background level. (By The replication
kinetics of representative NEHXADA elones e araphed. Simibar resilis wore obtined in three 1o five replicate expenments.
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FlG. 2. Light, transmission, and freeze fracture scanning electron microscopy o infected monocytes. Light micrographs of toladine
blue-stained semithin plastic sections showing typical fields of primary monocytes intected by nonmonocytetropic clone NLHXADA-SK (35)
(A) and monocytetropic clones NLHXADA-SM (B) and NLHXADA-GG (C) are shown (15). The multinucleated giant cells were fewer and
smaller in panel A than in panels B and C. Magnification. x480. Infected adherent cultured cells were carefully washed twice with
phosphate-buffered saline (PBS), fixed in situ with 24 glutaraddehyde (pl1 7.2) in PBS, scruped free with a rubber policeman, transterred to
a 15-mi plastic conical tube, and pelleted for 10 min at 600 x g centrifueation. The cells were mixed with warm agar, repelleted i the
Microfuge for 1 min, and retrigerated overmght 1o form a firm agar biock. The ceii block was divided i small preces and processcy into
Spurr’s plastic, after osmification and block uranyl acetate staining (15). Sections (1 pum thick) were stained with toluidine blue for light
microscopy. while thin sections (600 A [60.0 nm]) were stained with uraavl acetate and lead citrate for transmission electron microscopy. (1)
Transmission electron micrograph of a small portion of & multinuclcated cell from NLHXADA-GG-infected monocytes showing o
cytoplasmic vacuole (lower left) containing immature and mature virions and numerous typical mature particles associated with a stretch of
plasma membrane. Magnification, x34,000. (E) Transmission electron microscopy view of NLHXADA-GG-infected monocytes, stabihized
by formaldehyde fixation before quick-freezing, freeze-drying. and platinum replication (18). Budding from the convoluted surtace are several
50-nm-diameter brightly outlined spherical virus particles. At higher magnification (not shown), these display characterisue surtace couts of

gpl20 “pegs.””

formation from the plasma membrane to intracellular mem-
brancs (8). In monocytcs, however, particle assembly and
release occur both at the plasma membrane and in intracel-
lular vacuoles in the presence or absence of vpu, as shown in
Fig. 2D.

It is intriguing that HIV-2 and simian immunodeticicncy
virus lack a vpu open recading frame but instead carry a gene
designated vpx, which encodes a protein of 114 to 118 amino
acids in thesc viruses (20). vpu and vpx occupy similar
positions in their respective viral genomes, between pol and
env, but have only distant amino acid homology. Recently, it
has becn suggested that vpx and vpr arosc by duplication
from a common progenitor in HIV-2 and simian immunode-
ficiency virus, on the basis of predicted amino acid sequence
homology between the genes (34). To investigate the possi-
bility of a similar link between vpr and vpu in HIV-1, the
predicted amino acid sequcnces of both vpu and vpy were
aligned with that of vpr (Fig. 4). Although less compelling
that the homology between vpr and vpx, a 38% identity was
obscrved between vpr and vpu over a 24-residuc overlap at
the C terminus of vpu and the N terminus of vpr. These
scquences were particularly rich in acidic residucs. Similar-
ity in the hydrophilicity profiles of these portions of the vpu,
vpr, and vpx products was also noted. The striking cffect on
virus replication levels in monocytes observed only when
both genes were defective suggests that their gene products
may perform similar roles and thus provide partial functional
complementation. Alternatively, since lower replication lev-

Sacl Kpnl
5999 6345
1 . ]
sd
\/

I Env

¢ls were observed in the absence of either gence, the nearly
complete attenuation observed in the absence of both may
result from a compound effect of the foss of two relatively
important but functionally unrclated genes. More detailed
studics to determine the precise mechanisms of action of the
vpr and vpu gence products will be required to address these
alternatives. In either case, our data indicate that together,
vproand a second determinant, vpu, are more important for
cfficicnt HIV-1 infection and replication in primary mono-
cytes than was observed previously in lvmphoceytes. These
observations provide a rationale for designing  potential
antiviral therapies to block the action of these gene products
during HIV-1 infection of monocytes.

Persistent infection of tissue macrophages plays an impor-
tant role in the pathogenic cffects of other lentiviruses,
including equine infectious anemia virus, visna-maedi virus,
and caprinc arthritis-cncephalitis virus, providing a sanctu-
ary for continuous virus replication in the face of a vigorous
host immune response (15, 21). The onsct of increased virus
replication has been correlated with the onsct of clinical
discase manifestations, such as encephalitis. pneumonitis,
arthritis, and hemolytic anemia. Similarly, HIV-1 infection
of macrophages generates a reservoir of virus which is
present throughout the course of subchinical infection and
clinical discasc. The existence of poorly replicative HIV-1
variants may be essential for establishment of persistent
macrophage infection daring the carly, asvmptomatic stage
of discase. Several studies have suggested a relationship
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FIG. 4. Predicted amino acid homology between vpr, vpu, and vpx. The predicted amino acid sequence of the NL4-3-derived vpr gene is
aligned with homoiogous regions of the ADA-derived vpue gene and the vpx gene encoded by the HIV-2,,,,, clone, with single-letter amino
acid designations. Identical residues are indicated within boxes. Hydrophiticity profiles for the corresponding segments of each protein are

shown at the bottom.

between the in vitro replicative properties of HIV-1 isolates
in T lymphocytes and clinical-discase stage, with carlier
isolates tending to replicate more slowly and to lower levels
(“‘slow, fow’’) than isolates from later stages of discasc
(*‘rapid, high’) (3. 5, 27). Nonesscential regulatory genes arc
ideally suited to act as “*molecular switches™ for control of
replication phenotypes by their activation or inactivation,
particularly in viruses such as HIV-1. which characteristi-
cally gencrate high levels of sequence diversity. We demon-
strate here that discrete genetic alterations in such accessory
genes result in profoundly different replication rates in
monocytes in vitro, which suggests a mechanism for transi-
tion from subciinical to clinical discase in vivo. These
findings thus provide a rationale for addressing on a wider
scale whether functional status of vpr and/or vpu correlates
with discasc stage or serves as a potential prognostic indi-
cator of discase progression and outcome.
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Human immunodeficiency virus type 1 (HIV-1) can establish a persistent and latent infection in CD4* T
lymphocytes (W. C. Greene, N. Engl. J. Med. 324:308-317, 1991; S. M. Schaittman, M. C. Psallidopoulos,
H. C. Lane, L. Thompson, M. Baseler, F. Massari, C. H. Fox, N. P. Salzman, and A. S. Fauci, Science
245:305-308, 1989). Production of HIV-1 from latently infected cells requires host cell activation by T-cell
mitogens (T. Folks, D. M. Powell, M. M. Lightfoote, S. Benn, M. A. Martin, and A. S. Fauci, Science
231:600-602, 1986; D. Zagury, J. Bernard, R. Leonard, R. Cheynier, M. Feldman, P. S. Sarin, and R. C.
Gallo, Science 231:850-853, 1986). This activation is mediated by the host trauscription factor NF-xB [C.
Nabel and D. Baltimore, Nature (London) 326:711-717, 1987]. We report here that the HIV-1-encoded Nef
vrotein inhibits the induction of NF-xB DNA-binding activity by T-cell mitogens. However, Nef does not affect
the DiNA binding activity of other transcription factors implicated in HIV-1 regulation, including SP-1, USF,
URS, and NF-Al. Additionally, Nef inhibits the induction of HIV-1- and interleukin 2-directed gene
expression, and the effect on HIV-1 transcription depends on an intact NF-xB-binding site. These results
indicate that defective recruitment of NF-«B may underlie Nef’s negative transcriptional effects on the HIV-1
and interleukin 2 promoters. Further evidence suggests that Net inhibits NF-xB induction by interfering with

a signal derived from the T-cell receptor complex.

Human immunodeficiency virus type 1 (HIV-1) can estab-
lish a latent infection in CD4"* T cells (14, 29). Production of
HIV-1 from latently infected cells requires host cell stimu-
lation by T-cell mitogens (9, 34). Stimulation of T cells by
T-cell-specific stimuli {e.g., antigen or antibody to CD2 or
CD3) or nonspecific mitogens (e.g., phytohemagglutinin
[PHA] and phorbol 12-myristate 13-acetate [PMAJ]) results in
the induction of the DNA-binding activity of the host tran-
scription factor NF-kB (14). The NF-kB family of proteins
normaily regulates the expression of genes involved in T-cell
activation and proliferation, such as interlcukin 2 (IL-2) and
the alpha subunit of the IL-2 rcceptor (14). The HIV-1
promoter posscsses two adjacent NF-kB-binding sites which
allow the virus to subvert the normal activity of NF-«B to
enhance its own replication (23).

Previous work suggests that the HIV-1-encoded Nef pro-
tein is a negative regulator of HIV-1 replication (1, 7, 20, 25,
31). Furthermore, we and others have found that Nef may
suppress both HIV-1 and IL-2 transcription (1, 21, 25). To
investigate whether Nef affects the DNA binding activity of
NF-«B or other transcription factors implicated in HIV-1
regulation, we used human T-cell lines stably transfected
with the nef gene. Jurkat (J25) human T-cell clone 133
constitutively expresses the NL43 nef gene. 22F6 cells
represent another antibiotic-resistant clone of J25 cells:
however, these cells do not contain nef sequences and do not
express Nef (21). Additionally, we used oligoclonal Jurkat
E6-1 and HPB-ALL cells expressing the SF2 nef gene cither
in the correct orientation (Jurkat/LnefSN and HPB-ALL/
LncfSNS1 cells) or in the reverse orientation (Jurkat/

* Corresponding author.

LfenSN and HPB-ALL/LfenSN cells) with respect to the
Moloney murine lcukemia virus promoter (10). These cells
represent a mixed population of cells expressing Nef to
various degrees and were used to exclude the possibility that
clonal selection accounts for Nef effects observed in the J75
clones.

To determine the impact of T-cell activation on the expres-
sion of Nef, the human T-cell lines were stimulated with
PHA and PMA. Cells were maintained in logarithmic growth
in RPMI 1640 medium supplemented with 10% fetal bovine
serum and 2 mM glutamine. J25 and Jurkat E6-1 cells (5 x
10° each) and HPB-ALL cells (1.5 x 107) were either not
stimutated or stimulated with 13 ug of PHA-P (Sigma) and 75
ng of PMA (Sigma) per ml for 4 h. The cells were lysed in
RIPA buffer, and lysates were immunoprecipitated with
rabbit anti-Nef polyclonal scrum (6). The immunoprecipi-
tates were subjected to sodium dodecy! sulfate-polyacryl-
amide gel clectrophoresis (12% polyacrylamide), and the
proteins were transferred to nitrocellulose for Western im-
munoblot analysis. The primary antibody was the rabbii
anti-Nef serum, and the sccondary antibody was alkaline
phosphatasc-conjugated goat anti-rabbit  immunoglobulin,
specific for the heavy chain (Promega). The proteins
were visualized by color development with nitroblue tetra-
zolium and 5-bromo-4-chloro-3-indolylphosphate toluidin-
ium (Promega). Buand intensity was determined by faser
densitometry scanning of the Western blot and was in the
lincar range of analysis as established by a standard curve.
Jurkat E6-1 cclls were obtained from the AIDS Repository,
American Type Culture Collection (Arthur Weiss) (32). and
were stably transduced with the SF2 anef genc as previously
described (10).

Immunaoblot analysis with anti-Nef antibodices showed that
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FIG. 1. Immunoblot analysis of the HIV-1 Nef protein in stably
transfected and transduced human I'-cell lines. Cell lysates were
tmmunoprecipitated with rubbit anti-Nef polyclonal serum, electro-
phoresed, transferred to nitrocellulose, and immunoblotted with the
same anti-Nef serum. The cells were either unstimulated (—) or
stimulated (+) with PHA and PMA before cell harvesting. Pres-
tained protein size markers are indicated on the lcft in kilodaltons.
Nef protein in the 133 cells (21) was expressed from the nef gene of
isolate pNL432 and had an apparent molecular mass of 27 kDa,
whereas the Nef proteins expressed in the Jurkat E6-1 and HPB-
ALL cells were encoded by the nef gene of isolate SF2 and
demonstrated an apparert molecular mass of 29 kDa. Immunoglob-
ulin G (IgG) heavy chain, which was present in the antiserum used
for the immunoprecipitation step, is indicated at the right.

stimulation caused a two- to threefold increase in Nef
expression in clone 133 cells (Fig. 1). This increase was
probably due to the inducibility of the chimeric simian virus
40 (SV40)-human T-cell leukemia virus type I promoter used
to direct Nef expression. However, Nef expression was not
induced in the Jurkat E6-1 or HPB-ALL cells (Fig. 1). The
level of Nef expressed in these celis is comparable to the
amount of Net generated by HIV-1 in productively infected
CEM human T cells (data not shown). The difference in the
apparent molecular weight of the Nef produced in clone 133
cells and those produced in the Jurkat/LnefSN and HPB-
ALL/LnefSNS1 cells is due to the presence of an alanine at
amino acid position 54 in the NL.43 Nef gene compared with
the presence of an aspartic acid at that position in the SF2
Nef gene (26). The amount of lysate equivalents loaded in
the HPB-ALL/LnefSNS1 lanes was threefold larger than
that in the Jurkat/LnefSN lanes. Nevertheless, the amount
of Nef expressed in the HPB-ALL/LnefSNS1 cells was
approximately fourfold larger than the amount produced in
the Jurkat/LnefSN cells (Fig. 1). Nef did not appear to be
toxic, in that the Nef-producing cells exhibited the same
doubling time and morphology as the control cells.

Gel shift ascays were performed with nuclear extracts
preparcd from stimulated and unstimulated ccelis. Nuciear
extracts were prepared from 5 % 107 cells with a modified
version of the method of Dignam ct al. (8) as adapted by
Montminy and Bilezikjian (22). Following ammonium sulfate
precipitation, nuclear proteins were resuspended in 100 pl of
a solution containing 20 mM HEPES (N-2-hydroxycthyipi-

J. Viror .

perazine-N'-2-cthanesulfonic acid; pH 7.9). 20 mM KC(Cl, 1
mM MgCl,, 2 mM dithiothreitol, and 17% glycerol (33) with
the addition of 10 mM NaF, 0.1 mM sodium vanadate, and
50 mM beta-glycerol-phosphate. Cytoplasmic extracts con-
sisted of the supernatant resulting from the lysis of cells in
hypotonic lysis solution, Dounce homogenization, and low-
speed centrifugation to pellet nuclei. Binding reaction mix-
tures contained 2 pl (2 wg) of nuclear extract (Fig. 2a through
d) or 6 ul (7 pg) of cytoplasmic extract (Fig. 2e), 2 pg of
poly(dl-dC) (Pharmacia), 100-fold molar excess of unlabeled
NF-«B mutant oligonucleotide (ACAACTCACTTTCCGCT
GCTCACTTTCCAGGTA), and 20,000 cpm of end-labeled
oligonucleotide probe, in DNA binding buffer (27), in a final
volume of 22 ul. Reactions were performed at 30°C for 25
min, immediately loaded on a 4.5% polyacrylamide gel with
0.5x Tris-borate-EDTA, and run at 200 V. Oligonucleotides
used were as follows: NF-«kB, ACAAGGGACTTTCCGC
TGGGACTTTCCAGGGA; SP-1, CAGGGAGGCGTGGCC
TGGGCGGGACTGGGGAGTGGCGTCC. All DNA piobes
were gel purified and end labeled with {y-**PJATP. The
intensity of the indicated bands was determined by laser
densitometry and by measuring the radioactivity of excised
bands in a liquid scintillation counter. There was a lincar
1clationship between the amount of extract used and DNA-
binding activity (data not shown). There was no NF-«B
DNA-binding activity with the cytoplasmic extracts in the
absence of deoxycholic acid (data not shown). Protein
concentration was determined with the Bradford reagent
(Bio-Rad) with bovine serum albumin as a standard. Nuclear
extract preparations and binding reactions wc.e repeated on
threec separate occasions with similar results.

The induction of NF-xB activity in stimulated 133 cells
was suppressed five- to sevenfold compared with that in the
22F6 cells. This inhibition was evident 40 min poststimula-
tion and was sustained throughout the 4-h stimulation period
(Fig. 2a). 125 clonc 22D8 cells represent a distinct clonal cell
line which, like the 133 cells, also stably express Nef (21).
NF-kB induction was suppressed four- to fivefold in the
22D8 cells compared with that in the 22F6 cells (Fig. 2b).
NF-«B suppression was more profound in the 133 cells than
in the 22D8 cclls, which correlates with the observation that
Nef expression was higher in the 133 cells (21). Similarly to
the Nef-expressing J25 clones. Nef inhibited NF-«B induc-
tion three- to fourfold in the Jurkat 1.nefSN and HPB-ALL/
LncfSNS1 celis compared with their non-Netf-expressing
counterparts (Fig. 2¢ and d). Nef-mediated NF-kB suppres-
sion was more profound in the Jurkat/LnefSN cells than in
the HPB-ALL/LnefSNS1 cells, even though the HPB-ALL
LnefSNS1 cells expressed severalfold higher levels of Nef.
This result is likely due to the biological differences that exist
between the two celi lines. That is, Jurkat cells may be more
sensitive to the effects of Nef than HPB-ALL cells because
of differential expression of proteiss involved in signal
transduction. That Nef-mediated NF-«B suppression m the
133 and 22D8 cells was greater than in the Jurkat LnetSN
and HPB-ALL/LnefSNST celis may be due to the expression
of a different nef allele in the 133 and 22D cells. Alterna-
tively, this result could be due to the fact that every cell in
the culture of 133 and 22D8 cells produced a relatively high
level of Nef. whereas the Jurkat/InefSN and HPB-ALL
LnefSNST cells represent a mixed population of cells ox-
pressing low and high levels of Net or no Net at all.

NF-kB activity in nuclei {from unstimulated cells was
extremely fow but detectable, and no differences between
the Nef-cxpressing and control cells were observed (datia not
shown). Additionally, when cytoplasmic extracts trom un-
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FIG. 2. Gel shift analysis of NF-«B activity in nuclear extracts prepared from J25 (a and by, Jurkat E6-1 (¢), or HPB-ALL (d) cells.
22F6 and 133 cells were stimulated with PHA (13 pg/ml) and PMA (75 ngymib) tor 0,40, 80, 120, or 240 nun: 22F6 and 22D8 (b, Jurkat F6-1
(). or HPB-ALL (d) cells were not stimulated (0) or were stimulated with PHA and PMA ax described above for 4 h (4. DNA probes used
for binding are speaificd on the top of cach panel. (¢) Cytoplasmic protem extracts (7 pg cach) from the indicated cells were incshated with
the NF-xB DNA probe as described in the text. in the presence of 0.677 deoxycholic acid (Sizmay. NO S and P NEF-kB-specitic binding,
SP-1-specific binding. and free probe, respectively. SP-1 binding served as a control tor extract quality and specificity of Net etfects, Cold
indicates that 100-fold molar excess of unlabeled DNA was added tor compention. ns. nonspecific binding. Dista represent at least three

independent experiments.

stimulated cells were treated with deoxycholic acid (which
releases NF-«B from its cvtoplasmic inhibitor, Ik [3]). they
cxhitied NF-kB activity independent of Nef expression
(Fig. 2¢). Finally. that Nef suppressed the level of NF-«B
induction after onlv 40 min of stimulation suggests that Nef
docs not suppress pl10 or ph5 NE-«B mRNA cxpression.
These observations indicate that Net affects the recruitment
and not the cvtoplasmic concentration of NF-«B. The bind-
ing of SP-1 was independent of Nef expression and stimula-

tion. and the amount of SP-1 probe used in these gel shift
assavs was not hiting (Fig. 2u through d). In addimon, no
differences in binding 1o NEF-AT- USE-C and URS-speaitic
probes between the 22F6 and 133 cells were observed data
not showny. These data suggest that Net speaitically imhib-
ited the mduction of NE-«B activity.

To turther demaonstrate Nef's suppressive eftect on NF-<B
recruitment, 22F6 cells were transiently transtected with
DNA plasmads expressing Net from the SVA0 carly pro-
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mowr, pSVEN, or the cytomegalovirus immediate-carly
promoter. pCMVF/N, or with plasmids containing frame-
shift mutations in the nef gene (pSVFE/N fs and pPCMVEF/N fs,
respectively). Nuclear extract preparation and DNA-binding
reactions were as deseribed above. 22F6 cells (2 x 107) (Fig.
3u) were transfected with 30 pg of the indicated plasmid
DNA by using DEAE-dextran. Brictly, cells (107) were
incubated with plasmid DNA suspended in a solution con-
taining 1) ml of serum-free RPMI 1640, 0.25 M Tris (pH 7.3),
and 125 pp of DEAFE-dextran (Sigma) per mt at 37°C for 40
min. Followmng centrifugation at 2,000 > ¢ for 7 min, the
cells were maintained in growth medium for 60 h prior to
stimulation and cell harvesting. Plasmid pSVE N is similar to
plasmid pSVFE (25), except that HIV-1 nucleotides 8994 1o
9213 (including the NF-xB recognition sites) and 3 flanking
cellular sequences were deleted. Plasmid pSVEN was di-
gested at the unigue Bl site at codon S8 of the nef gene,
the sticky ends were filled in with the Klenow tragment of
DNA polvmerase 1. and the plasmid was religated with T4
DNA ligasce. s plasmid was called pSVE N fs to indicate
the intraducidon of a frameshift in the nef gene. The BumHI
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FIG. 3. Gel shift analysis of nuclear extracts prepared from 22F6
cells (a) transiently transfected with the indicated DNA plasmids
that were not stimulated (0) or were stimulated for 4 h (4) with
PHA-P and PMA and 22F6 and 133 cells (b) stimulated for 4 h with
PHA-P (H), PMA (M), or ionomycin (1) (2 pM) or combinations ot
any two mitogens. N, U, S, and P, NF-kB-specific binding, USF
specific binding, SP-1-specific binding, and free probe. respectively.
(c) Nuclear extract 22F6 H+M from panel b was preincubated with
the specified aniserum for 15 min before the NF-xB DNA prohe
was added. NF-kB p65-p50 heterodimer- and p50-p50 homodimer-
DNA complexes and supershifted heterodimer- and homodimer-
DNA-antibody complexes are indicated at the right. Data represent
at least three independent experiments.

fragment from pSVF/N and pSVF/N fs, which includes the
entire length of the HIV-1 sequences present in these clones,
was inserted into the vector pCB6 (24) in the correct
orientation with respect to the cytomegalyvirus immediate-
carly promoter to gencrate clones pCMVF/N and pCMVF/N
fs, respectively. Cells transfected with plasmids pSVF/N
and pCMVEF/N cxpress Nef protein, but cells transfected
with pSVF/N fs and pCMVF/N fs do not, as determined by
Western blot and immunoprecipitation analvsis (data not
shown). Transfection efficiency was determined by cotrans-
fection with 2 pg of pSV2-CAT. Chloramphenicol acetvl-
transferase (CAT) activity (reported as the percent conver-
sion to acetylated products) was determined as deseribed
below, and the values for the pSVF/N fs-0-, pSVE'N fs-d-,
pSVF/N-4-, pCMVF/N fs-4-, and pCMVE/N-4-transfected
cells were 51, 60, 61, 58, and 61%, respectiveiv. A USFE-
specific DNA probe (corresponding to nucleotides — 159 o
-173 of the HIV-1 long terminal repcat, GCCGCTAG
CATTTCATCACGTGGCCCGAGAGCTGC) was used as
control for the specificity of Nef effects and extract integrity.

NF-«xB induction was consistently initibited at least rwo-
tfold in cells transfected with either pSVE/N or pOCMVE N
compared with cells transtected with their nef mutant coun-
terparts {Fig. 3a). Transfection efficiencies in these expert-
ments were determined by cotransfectung cclis with the
pSV2-CAT plasmid and measuring CAT activity. No signit-
icant differences in transfection efficiency between the net-
cxpressing and the zef mutant plasmids were observed (Fig.
3ar. The suppressive cetfect of Nefin these tanswently
transtected cclls was not as dramatic as the eftects observed
in the stably transfected and transduced cells. The more
subtle effect of Nef in this experiment may be due to the
expression of & nef allele which was derived trom an HIV 1
isolate distinet from either the NL-43 or the SE2 isolates

WRR— ¥ |



Vol.. 66, 1992

(25). In addition, cells which did not reccive the nef expres-
sion plasmid during the transient-transfection process were
not eliminated (by antibiotic selection) from the total ccll
population.

To explore the relative contributions of individual mito-
gens to the recruitment of Nef-inhibitable complexcs, cells
were stimulated with PHA, PMA, or ionomycin alone or in
combination. The maximal induction of NF-«B activity
occurred when PHA was combined with PMA (Fig. 3b). This
result, coupled with the observation that PHA mimics the
effects of the natural ligand for the T-cell receptor (TCR)
complex (32), suggests that Nef may inhibit signal transduc-
tion emanating from the TCR complex. The addition of the
Ca?* ionophore, ionomycin, when coupled with PMA treat-
ment, partially substituted for 1he absence of PHA with
respect to NF-xB induction (Fig. 3b). However, ionomycin
treatment did not signific: rtly reduce Nef’s inhibitory ef-
fects, suggesting that events other than Ca’* mobilization
may be disrupted by Nef.

Using antibodies against the p50 and p65 NF-«B subunits,
we found that Nef-inhibitable complexes included both
p50-pS0 homodimers and p50-p65 heterodimers (Fig. 3c).
Anti-pS0, anti-p65, anti-v-rel, and prebleed sera (Fig. 3c)
were kindly provided by Mark Hannink (University of
Missouri, Columbia, Mo.). Because the gels in Fig. 3a and b
and Fig. 2 were run for a shorter length of time, the two
bands indicated in Fig. 3c appear as one band in Fig. 3a and
b and Fig. 2.

To determine whether Nef-mediated inhibition of NF-kB-
binding activity correlated with a decrcase in transcriptional
activity, cells were transfected with DNA plasmids which
use the HIV-1 long terminal repeat to direct expression of a
heterologous gene product, CAT. Jurkat cells were trans-
fected, as described above, with 15 pg of the CAT constructs
indicated in Fig. 4. Following transfection, the cells were
maintained in growth medium for 24 h. Cells were or were
not treated with PHA-P (13 pg/ml) and PMA (75 ng/ml) and
incubated for an additional 18 h. Cell extracts were pre-
pared, and CAT activity was assessed by standard methods
(13). Extract equivalent to 3 x 10° cells was used for each
18-h reaction. CAT activity was in the linear range of
analysis with respect to extract amount and incubation time
(data not shown). CAT assays were normalized to a nonin-
ducible control plasmid, RSV-CAT (12) (2 pg), which was
transfected in parallel with the HIV-1-CAT plasmids as
described above. Assays were also normalized to protein
concentrations as determined by Bradford reagent analysis
(Bio-Rad). The amount of CAT activity was quantitated by
excising the spots corresponding to the unacetylated and
acetylated forms of ["C|chloramphenicol and mecasuring
radioactivity in a liquid scintillation counter. CAT activity is
expressed as the percentage of radioactivity in the acetylated
forms comparcd with the sum of that of the acctylated and
unacetylated forms. The wild-type HIV-1-CAT (CD12-CAT
was derived by a small deletion in the nef coding sequence
upstream of the long terminal repeat stant site of clone
C15-CAT [2]). and mutant NF-«B HIV-1-CAT (23) and
IL.-2-CAT (30) plasmids were gencronsly provided by Steven
Josephs, Gary Nabcl, and Gerald Crabtree, respectively.
SNRE-HIV-1-CAT was generated by excising the Aval-4val
fragment from C15-CAT (2) and therefore lacks the negative
regulatory clement sequences present in C15-CAT.

CAT activity correlted well with DNA-binding activity in
that 133 cells exhibited a capacity to induce CAT activity
that was fivefold less than that of 22F6 cells (Fig. 4a).
Similarly, CAT cctivity induction was suppressed twofold in
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FIG. 4. CAT assays of extracts from cells transiently transfected
with HIV-1-CAT and 1L-2-CAT DNA plasmids. J25 {a) and Jurkat
26-1 (by cells were transfected with the CAT constructs as indicated
above cach panel. Cells were not induced (- ) or were mduced (+)
with PHA and PMA. CAT activity was determined by conversion of
unacetylated ["*Clchloramphenicol (CM) to monoacetyvlited forms
(AC). These data represent at feast three independent experiments.

the JurkavLnefSN cells compared with that in the Jurkats
[fenSN cells (Fig. 4b). This inhibition was demonstrated
with both wild-type HIV-1-CAT and the ncgative regulatory
clement deletion clone, aNRE-HIV-1-CAT. whic', aeks
nucleotides =453 10 - 156 of the HIV-1 lore terminal repeat
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(Fig. 4a and b). This result suggests that negative regulatory
element sequences are not primary targets of Nef regulation
in stimulated T cells. An HIV-1-CAT plasmid containing
mutated NF-kB sequences (23) was induced, at most, only
twofold above basal levels, and induction was independent
of cell type and Nef expression (Fig. 4a and b).

The importance of NF-«B with respect to the induction of
[L-2 by T-cell mitogens was demonstrated by Hoyos et al.
(17). These authors showed that the induction of CAT
activity was prevented up to 80% with IL-2-CAT constructs
bearing mutations in the NF-kB site compared with that of
IL-2-CAT constructs containing wild-type NF-xB recogni-
tion sequences (17). As previously reported (21). we found
that Nef profoundly suppressed the induction of CAT activ-
ity directed by the IL-2-CAT plasmid in the 133 cells (Fig.
4a). Whereas there was a 50- to 60-fold induction of CAT
activity in the 22F6 cells, there was only a 2- to 3-fold
induction in the 133 cells (Fig. 4a). Although NF-«B appcars
to play an important role in I1.-2 induction, it is possible that
Nef blocks other factors in addition to NF-kB which may be
required for the efficient induction of IL.-2 genc expression.
This possibility may explain the dramatic suppressive cffect
of Nef on IL-2 induction compared with the results of Hoyos
et al. (17). CAT acti- .ty generated by the IL-2-CAT con-
struct was induced to a much lower extent in the Jurkat E6-1
cells. This result is likely due to differences that exist
between Jurkat E6-1 and JZ5 ce’.s. Nespite the low level of
induction of the IL.-2 promoter in thz jurkat E6-1 cells, CAT
activity was higher in the Jurkat/LfenSN cells than in the
Jurkat/LnefSN oclis (Fig. 4b). Nef did not affect CAT
activity driven by the SV40 early promoter or the proiuoters
from Rous sarcoma virus, cytomegalovirus, or Mason-Pfizer
monacy virus, indicating that Nef specifically suppressed the
HIV-1 and IL-2 promoters (data not shown). The Jurkat
E6-1 cells were transfected with equivalent efficiency: how-
ever, the Nef-expressing 133 cells were more easily trans-
fected than were the control cells (22F6 cells). Therefore,
CAT activity generated by an RSV-CAT plasmid that was
transfected in parallel was used to assess the transfection
cfficicncy and to normalize the CAT activity derived from
the HIV-1-CAT and IL-2-CAT constructs.

The observation that Nef prevents IL-2 induction (Fig. 4a)
(21), coupled with the demonstrations that IL-2 induction
requires CD4 and p5()"" (11) and NF-kB recruitment (17),
provides additional evidence to suggest that o~:f uncouples
sigrals originating from the TCR complex. Furthermore, the
TCR complex induces NF-kB activity after treatment with
antibodies to cither CD2 or CD3 (5). Nef inhibits the
induction of 11.-2 by both of these stimuli (21).

Interestingly. Nef has been roported to down-modulate
the surface expression of CD4 (10, 15). Although Nef did not
affect the rate of CD4 transcription or transiation (10), the
mechanism by which Nef mediates the down-modulation of
D4 at the cell surface remains unclear. The connection
hetween Nef-mediated negative effects on CD3 coll surface
expression and HIV-1 and 1T 2 regulation has not vet been
established.

Previously, we and others reported that HIV-1 Mot medi-
ated HIV-1 transcriptional suppression (1, 23). Somce imves-
tigators were unable to confirm this cffe-t (16, 191 however,
ditferences in experimental approaches mav explan the
apparent discrepancy. For the first time, the data presented
here suggest that the primary underlying cvent in Nef-
mediated transcriptionat repression in activated T ecells s the
inhibition ot induction of NF-«B activity. In wvive o thy
suppression. may dimit the production md - cell surface

J.oVikar.

expression of viral gene products in infected cells, thereby
allowing the cells to evade clearance by the cellubar and
humoral arms of the immune response. This model for
Nef-mediated viral persistence in vivo may be consistent
with the results of Kestler et al., which demonstrated that
the presence of an intact nef gene was required to prolong
simian immunodacficiency virus infection and induce patho-
genesis in infected macaques (18). Furthermore, we and
others demonstrated that simian immunodeficiency virus
Nef inhibited simian immunodeficiency virus replication in
vitro in a way that was analogous to the way in which HIV-1
Nef inhibited HIV-1 (4, 24). It is possible that high-level Nof
expression carly after infection (28) is sufficient to maintain
HIV-1 in a relatively latent state, which may be critical for
establishing a reservoir of HIV-1l-infected cells and the
eventual development of AIDS.
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HIV-1 Nef Protein Inhibits the Recruitment of AP-1 DNA-Binding Activity in Human T-Celis
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The human immunodeficiency virus type 1 long terminal repeat, HIV-1-LTR, contains binding sites for several cellular
transcription factors which contribute to HiV-1 gene expression. Our previous studies on the function of the HIV-1-en-
coded Nef protein suggested that Nef may be an inhibitor HIV-1 transcription. To determine whether Nef affects the
binding of cellular factors implicated in HIV-1 regulation, *?P-labeled oligonucieotides corresponding to the binding
sites were incubated with nuclear extracts prepared from Nef-expressing T-cell lines that were not stimulated or were
stimulated with T-cell mitogens. We found that Nef inhibited the recruitment of AP-1 DNA-binding activity in mitogen-
stimulated human T-cells. Additionally, Nef expressing cells were transiently transfected with a placmid in which HIV-1
AP-1 DNA recognition sequences were cloned downstream of the chloramphenicol acetyltransferase (CAT) gene.
Mitogen-mediated transcriptional activation of the CAT gene in this construct was inhibited in Nef-expressing cells but
not in control cells. These studies suggest that, by inhibiting AP-1 activation, Nef may play a role in regulating HIV-1

gene expression in infected T-cells.

The human immunodeficiency virus type 1 long ter-
minal repeat, HIV-1-LTR, contains two adjacent AP-1
binding sites and three intragenic AP-1 sites are lo-
cated within the po/ gene (1, 2). The AP-1 DNA-binding
complex is composed of homo- and heterodimers of
the c-fos and c+un family of transcription factors (3)
which dimerize by interdigitation of hydrophobic a-he-
lices, called ‘eucine-zippers (4). The consensus DNA
recognition site for AP-1 is TGACTCA (5-7) and this
sequence has also been shown to confer phorbol ester
inducibility (8). ¢c-fos and cyun mRNAs are induced in
T-cells by the lectin phytohemagglutinin (9) (PHA), the
calcium ionophore A23187 (70), and the phorbol ester,
phorbol-12-myristate- 1 3-acetate (PMA) (8). AP-1 can
serve as both a positive and a negative regulator with
respect to the expression of a variety of genes under
different conditions (77-15).

It has been reported that the product of the nef gene
of HIV-1 and SIV could function as a negative regulator
of virus replication {716-22). Furthermore, we found that
Nef could function as a viral transcriptional inhibitor
(16, 17). This result was confirmed by other investiga-
tors {18, 19) although, not by all investigators (23, 24).
Recently, Luria et a/. showed that Nef, stably ex-
pressed in Jurkat human T-cell clones, prevented the
transcriptional activation of the interleukin-2 (IL-2) gene
(25). IL-2 is a critical T-cell proliferation factor and
serves as a marker for T-cell activation. Interestingly,

' To whom reprint requests should be addressed at Washington
Unwversity School of Medicine, 660 S. Euchid Ave., Box 8125, St
Louis, MO 63110.
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the HIV-1-LTR and the IL-2 promoter contain binding
sites for the T-cell activation-associated transcription
factors, AP-1 and NF-kB.

In order to elucidate the mechanism underlying
Nef's negative effects on HIV-1 and IL-2 transcription
in T-cells, we examined the binding of cellular tran-
scription factors with recognition sites in the HIV-1-
LTR in the presence and absence of Nef. In these stud-
ies, we used ihe Jurkat (J25) human T-cell clone 133,
which stably expresses the Nef protein derived from
the HIV-1 isolate NL-43 (25). As a control, we used a
(G4 18-resistant, Jurkat 25 clone, 22F6, which does not
contain any HIV-1 sequences and does not express
Net (25). Additionally, we used oligoclonal HPB-ALL
human T-cells stably transduced with a recombinant
retrovirus expressing the nef gene, derived from the
HIV-1 isolate SF-2, either in the correct orientation,
HPB-ALL/LnefSNS1 cells, or the reverse orientation,
HPB-ALL/LfenSN cells, with respect to the Moloney
murine leukemia virus promoter (26). Nef was ex-
pressed to a high degree in the Jurkat 133 cells and the
HPB-ALL/LnefSNS1 cells, but was not produced in the
Jurkat 22F6 cells or the HPB-ALL/LfenSN cells as de-
termined by Western blot and immunoprecipitation
analysis (Ref. 33 and data not shown). The HPB-ALL
cells, in contrast to the Jurkat cells, represent a mixed
population of cells expressing Nef and thus do not suf-
fer from the potentia! limitation that Nef-mediated ef-
fects observed in the Jurkat cells are a result of cloning.
However, the advantage of the clonal Jurkat 133 cells
is that Nef is expressed in every cell, possibly magnify-
ing the effects exerted by Nef. It is noteworthy that the
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Fig. 1. Geli shift analysis of AP-1 DNA binding activity in extracts prepared from Jjurkat 25 cells. Cells were stimulated with PHA-P (13 ug/mi,
{SIGMA]) and PMA (75 ng/mt, Sigma) for 0, 40, 80, 120, or 240 min. Oligonucleotide probes used for binding are secified on the top of each
panel. A indicates the inducible AP-1/DNA complexes. S and P represent SP-1-specific binding and free probe, respectively. SP-1 binding served
as a control for extract quality and specificity of Nef-mediated effects. Cold indicates that 100-foid molar excess of unlabeled DNA was added for
competition. Methods: Celis were maintained in logarithmic growth in RPMI 1640 medium supplemented with 10% fetal calf serum and 2 mM
glutamine. Nuclear extracts were prepared from 5 X 107 cells using a modified version of the method of Dignam et al. (36) as adapted by
Montminy and Bilezikjian (37). Following ammonium sulfate precipitation, nuclear proteins were resuspended in 100 u! of 20 mM HEPES (pH
7.9). 20 mM KCI, 1 mM MgCl,, 2 mM OTT, and 17% glycerol (38) with the addition of 10 mAf NaF, 0.1 mM sodium vanadate, and 50 mA/
B-glycerol-phosphate. Binding reactions contained 2 i (2 4g) of nuclear extract, 2 ug poly(di-dC) (Pharmacia), 100-fold molar excess of unlabeled
intragenic AP-1 mutant oligonucleotide (GATCTCAAAGCGGATATCAGCTGGTTAATCAAATAAT), and 20-40,000 cpm of end-labeled oligonu-
cleotide probe, in DNA binding buffer (39}, in a final volume of 22 ul. Reactions were performed at 30° for 30 min, immediately loaded onto 3 4.5%
potyacrylamide gel using 0.5X TBE, and run at 200 V. Oligonucleotides used were as folliows: AP-1, CAGGGCCAGGAGTCAGATATCCACTGA-
CCTTTGGATGGTGCT; SP-1, CAGGGAGGCGTGGCCTGGGCGGGACTGGGGAGTGGCGTCC. All DNA probes were ge! purified and end-labeled
with [y-32P]ATP. The intensity of indicated bands was determined by laser densitometry scanning. There was a linear relationship between the
amount of extract used and the DNA binding activity. Nuclear extract preparations and binding reactions were repeated on three separate

occasions with similar results.

doubling times for the Nef expressing and the control
cells were indistinguishable and no gross morphologic
differences between the cells were noted either prior to
or post-stimulation.

Gel shift analyses were performed with nuclear ex-
tracts prepared from cells that were not stimulated, or
were stimulated, with the T-cell mitogen, phytohe-
magglutinin (PHA-P) and the protein kinase C (PKC)
activator, PMA. Nuclear extracts were incubated with
a *P-labeled oligonucleotide corresponding to the
HIV 1 AP-1 DNA recognition sites {7). In the parental
22F6 Jurkat cells, an induced AP-1/DNA complex,
which was not present in unstimulated cells, was de-
cted between 1 and 2 hr post-stimulation and was

Lundant 4 hr post-stimulation (Fig. 1). In contrast, the
eruitment of the same AP-1/DNA complex was inhib-
ed fivefold at 2 hr and ninefold at 4 hr in the Nef ex-
‘{”""'(;‘9 134 cells compared to the 22F6 cells (Fig. 1).
D’(‘)(‘::?(m of 100 rfold molar‘ excess of unlabeled AP-
HNC ohgonuclentide inhibited the appearance of

LR

the major inducible complex (Fig. 1). However, an oligo-
nucleotide with three nucleotide substitutions in the
AP-1 recognition site did not compete away the induc-
ible complex, and we included a 100-fold excess of the
unlabeled mutant AP-1 oligonucleotide in ali binding
reactions as a non-specific inhibitor.

The presence of the constitutive AP-1/DNA complex
{the slowest migrating complex in Fig. 1) was mini-
mally, if at all, affected by Nef and may be due to the
constant presence of serum in the cell growth media
{27). Moreover, this complex was not inducible (Fig.
3b). In addition, the constitutively active transcription
factor SP-1 was not aftected by the presenrce or ab-
sence of Nef and was used as a control for extract
quality (Fig. 1). Therefore, Nef inhibited the inducible
AP-1/DNA complexes specifically.

Gel shift analysis with extracts prepared from stimu-
lated and unstimulated HPB-ALL cells afforded results
similar to those obtained with the Jurkat cells (Fig. 2).
However, in contrast to the Jurkat cells, the mitogen-in
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FiG. 2. Gel shift analysis of nuclear extracts prepared from HPB-ALL cells that were not stimulated (—) or were stimulated with {(+) with PHA (13
wg/ml} and PMA (75 ng/mi) for 4 hr. The labeled oligonucleotide probe used is indicated above each panel. The A's indicate inducible AP-1/DNA
complexes and P represents free probe. Methods: Nuclear extract preparations and DNA-binding reactions were performed as described in Fig.
1. For the USF probe, we used an oligonucleotide corresponding to nucleotides -159 to -173 of the HIV-1 LTR (40), GCCGCTAGCATTTCATCA-
CGTGGCCCGAGAGCTGC. Experiments were repeated three times with similar results.

ducible AP-1/DNA complexes were present in the un-
stimulated cells as well as in the stimulated cells.
Whereas the stimulatable AP-1/DNA complexes in the
HPB-ALL/LfenSN cells were induced approximately
tivefold after 4 hr of PHA and PMA treatment, there
was no significant induction of these complexes in the
HPB-ALL/LnefSNS1 cells {Fig. 2). in this experiment,
the amount of AP-1 activity in unstimulated HPB-ALL/
LftenSN cells was lower than the HPB-ALL/LnefSNS1
cells; however, this was not a consistent finding (un-
published results). In this experiment, we included an-
other Nef non-responsive transcription factor, USF, to
demonstrate the specificity of Nef action and the integ-
rity of the extract. The apparent difference in migration
of the major inducible AP-1/DNA complexes between
the HPB-ALL and the Jurkat cells probably reflects dif-
ferences that exist between the different T-cell Iines.
Previous studies indicated that c-fos expression 1§
induced by PHA (9), the calcium ionophore A23187
{10), and PMA (8). In order to determine the signahng
pathway required to recruit AP-1 DNA-binding activity,
we assessed the role of PHA, PMA, and the calcium
ionophore, onomycin, alone or in combination (Fig.
3a). Interestingly, the recruitment of AP-1 activity was

maximal with PHA treatment alone and the addition of
PMA did not significantly increase AP-1/ONA complex
formation. The level of inducible AP-1 activity was 18-
fold higher in the 22F6 cells compared to the Nef ex-
pressing 133 cells with PHA alone (Fig. 3a). PMA alone
only slightly induced AF-1 activity in the 22F6 cells;
however, no detectable AP-1 activity was observed in
the 133 cells treated with PMA alone (Fig. 3a}. fonomy-
cin alone was not sufficient to elicit AP-1 recruitment in
either cell line (Fig. 3a).

T-cell activation is mediated by increased Ca®* influx
and PKC activation which both occur as a conse-
guence of phospholipase-C activation by the T-cell re-
ceptor (TCR) complex (28). Treatment of the Jurkat
cells with a combination of ionomycin and PMA, which
both bypass the TCR complex, led to signiticant re-
cruitment of AP-1 activity, albeit 2 5-fold less efficiently
than PHA alone. Whereas there was an 18-fold higher
level of induced AP-1 DNA-binding activity in the 22F6
cells compared to the 133 cells using PHA alone, there
was only a 3-fold difference using the combination of
ionomycin and PMA. Since PHA mimics the normal
activation signal (1.e., antigen binding to the TCR) of
T cells (29, it appeared that Nef exerted its effects pri-
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F1G. 3. (a) Gel shift analysis of nuciear extracts prepared from Jurkat 25 22F6 and 133 cells stmulated tor 4 hr with either PHA-F (H1, PMA (M),
orionomycin, 2 uM (Sigma), (1), or combmations of any two mitogens A S, and P indicate AP 1 specitic binding, SP-1-specific tinding. and free
probe, respectively (b) Jurkat 22F6 cells were (+) or were not treated (- +vwath cycloheximide (20 pa/mi, S:ama) tor 30 min prior 1o stmuiabon for 4
hr with PHA P and PMA  The Iabeled oligonucleotide used s indicated on the side of each panel A AL USF and ns indicats ¢ nstitutive
AP 1/DNA complex, inducible AP 1/DNA complex, USF-specific comyslex, and not specthic, respectiven, The “cold DNA™ indicates that 100
fol-d molar excess of unlabeled ohgonucleotde (the same oligonucleotide used as the probe) was used as a non-specific competiter () Nuctear
extracts from 133 cells (lanes 1.7, 8) or 22F6 celis (lanes 2 6, 8) w~ere pramcubated with 4 ul of the spec:fied antisera for 30 mim betere the AP 1

extract preparations and DNA binding reactons were described m Fig 1 Ant ¢ Fos and anti ¢ Jun antit odies were optamned fror: T om Curran
Hoche Inctitute) The anti-Nef sera was from a rabbnt and waz usod 45 a negative control antibody

manly (although not exclusively) on TCR-initiated sig- new protein synthesis, cycloheximide was added 30
nalling, as has been suggested previously (25). min before mitogen treatment. That cycloheximide

To determine whether the recruitment of AP-1 activ treatment inhibited the recruitment of AP 1 activity
'ty required the activation of preexisting complexes or suggests that de novo protein synthesis must be in
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volved (Fig. 3b). This result was consistent with the
observation that 2 hr of stimulation were required be-
fore significant recruitment of AP-1 DNA-binding activ-
ity (Fig. 1). Thus, it is conceivable that Nef inhibits c-fos
and/or c-jun transcription. Alternatively, Nef may affect
the expression of another factor which inhibits AP-1
activity.

Tc identify the polyceptides present in the inducible
AP-1 complex, we incubated nuclear extracts derived
from the 22F6 cells with an anti-c-Fos and anti-c-Jun
antibody, individually or in combination, prior to the ad-
dition of labeled oligonucleotides (Fig. 3c). Antisera 10
c-Fos or c-Jun inhibited complex formation approxi-
mately 3-fold (lanes 3 and 4 compared to lane 2) and, in
combination, inhibited complex formation 7-fold (lane 5
compared to lane 2), suggesting the presence of ¢c-Fos
and c-Jun in the complex. However, these antibodies
did not cause a supershift, presumably because anti-
body binding to ¢-Fos and c-Jun caused conforma-
tional changes which are not permissive for DNA bind-
ing activity. In these experiments, an anti-Nei antibody
was used as a negative control {lane 6 compared to
lane 2).

Additional experiments were performed to exclude
the possibility that Nef directly inhibits AP-1 binding to
DNA, or that Nef induces a secondary component that
interferes with complex formation (Fig. 3c). An anti-
body to Nef did not relieve the inhibition of AP-1 recruit-
mentin 133 cells [compare lane 7 to lane 1). Moreover,
mixing nuclear extracts from 133 and 22F6 cells did
not result in inhibition of AP-1 activity compared to that
seen in extracts from 22F6 celis alone {compare lane 8
to lane 2).

Previous studies indicated that the binding of AP-1
to the HIV-1-LTR AP-1 recognition sites plays little, if
any, role in aftecting transcriptional activity (2, 30).
Zeichner and co-workers generated several HIV-1-
LTR-CAT linker-scanning mutants in the region of the
AP-1 recognition sites and transfected the mutant
plasmids into Jurkat cells (30). There were no signifi-
cant differences in CAT activity between the wild-type
HIV-1-LTR-CAT plasmid and the AP-1 mutant plasmids
in cells that were or were not stimulated with PHA and
PMA (30).

However, the intragenic AP-1 recognition sites were
capable of mediating transcriptional activation follow-
ing phorbol ester treatment (2). Therefore, we cloned a
synthetic oligonucleotide, corresponding to the two
adjacent AP-1 sites within the pol/ gene (2) or an oligo-
nucleotide which contained three nucleotde substitu-
tions in these AP 1 consensus sites. into the polylinker
of the enhancerless pCAT promoter plasmid (Pro-
mega). These pfasmids were called pCAT-IG-AP1 and
pCAT-MIG-AP1, respectively. The pCAT promoter con-
struct, in the absence of the AP- 1 sites, contains the
3SV40 core promoter, afforded low basal chlarampheni-

col acetyltranferase (CAT) activity in T-cells, and was
not inducible in T-cells following treatment with T-cell
mitogens (data not shown).

The pCAT-IG-AP1 and pCAT-MIG-AP1 constructs
were transiently transfected into the Jjurkat 22F6 and
133 cells, as well as Jurkat 25 clone 22D8 cells. The
22D8 cells represent a distinct clonal cell fine which,
like the 133 cells, also stably express the nef gene from
HIV-1 isolate NL-43 (25). Transiently transtected cells
were erither not stimulated or were stimulated with PHA
and PMA for 18 hr and CAT activity was then mea-
sured. CAT activity in transfected cells was relatively
low, between 1 and 3% conversion to acetylated prod-
ucts. However, we found an average-fold induction in
CAT activity of 3.6 + 0.4 in the 22F6 cells transfected
with the pCAT-IG-AP1 plasmid, compared to an aver-
age-fold induction of 1.4 £ 0.2 in the 133 cells and no
induction in the 2208 celis (Fig. 4}. Transfection effi-
ciencies were higher in the Nef-expressing celis and
were determined by parallel transfections with non-Nef
responsive promoters including Rous sarcoma virus-
CAT, cytomegalovirus-CAT, and simian polyoma virus
40-CAT (data not shown). These determinations were
statistically significant, with 95% confidence intervals,
with respect to fold induction, of 2.8-4.4 for the 22F6
cells, 1.0-1.8 for the 133 cells, and 0.9-1.1 for the
2208 cells. Using a Mann-Whitney U test analysis, the
probability that there is no difference in the fold induc-
tion between the 22F6 cells and the 133 and 2208
cells is 1 in a 1000. CAT activity was not induced in
cells transfected with the pCAT-MIG-AP1 construct,
indicating that the integritv of the AP-1 site in the in-
serted oligonucleotide was essential. Thus, Nef-me-
diated inhibition of AP-1 DNA-binding activity pre-
vented AP-1-mediated transcriptional activation.

What role AP-1 plays with respect to HiV-1 regula-
tion is unclear. Nef could inhibit AP-1-mediated activa-
tion of HIV-1 directly, by preventing the interaction of
AP-1 with the intragenic enhancer in the pol gene. In
addition, by inhibiting AP-1 recruitment during T-cell
activation, Nef may aftect the regulation of AP-i-act-
vated cellular genes. Effects on such cellular genes
may alter the cellular environment, positively or nega-
tively, which may indirectly affect HIV-1 replication. For
example, the finding that ¢-Fos and ¢-Jun are early re-
sponse mediators of T-cell activation (9), coupled with
the observation that HIV-1 cannot replicate in resting,
unactivated Tcells (37, 32), presents a scenano for
indirect effects of Nef on HIV-1 expression.

In addition to mediating the suppression of AP-1 re-
crutment, we found that Nef also inhibited the mito-
gen-mediated induction of NF-kB (33). NF-kB, like AP-
1,15 an early response effector of T-cell activation (34)
and has been shown to be an important activator ot
HIV 1 replication in stimulated T-cells (35). Thus, Net-
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Fclg- induction of CAT activity

plAT-IG-APY

cCAT-MIG-API

FiG. 4. Chloramphenicol acetyltranferase (CAT) assays extracts
prepared from Jurkat 25 celis transfected with the pCAT-IG-AP1 and
pCAT-MIG-AP1 plasmids. The data are preserted as the mean ratio
of the level of CAT activity present in cells stimulated for 18 hr with
PHA-P and PMA compared to the level present in unstimulated cells.
The error bars represent the standard deviation of the mean. Meth-
ods: Jurkat cells were transfected with 40 ug of the indicated plasmid
using DEAE-dextran. Briefly, 107 cells were incubated with plasmid
DNA suspended in 10 mt of serum-free RPMI 1640, 0.25 M Tris (pH
7.3), and 125 ug/ml DEAE-dextran (Sigma) at 37° for 40 min. Foliow-
ing centrifugation at 2000 g " 7 min, cells were maintained in
growth media containing 10% fetal calf seiuin for 24 hr. Cells were
or were not treated with PHA-P (13 pg/mi) and PMA (75 ng/mi) and
incubated an additional 18-24 hr. Cell extracts were prepared and
CAT activity was measured by standard methods (4 7). Extract equiv-
alent to 3 x 108 cells, as determined by Bradford rexgent analysis
(Bio-Rad), was used for each 18-hr reaction. CAT activity was in the
linear range of analysis with respect to extract amount and incuba-
tion time. The amount of CAT activity was quantitated by excising
the spots corresponding to the unacetylated and acetylated forms of
(*“C]chioramphenicol and measuring radioactivity in a scintillation
counter. The plasmid pCAT-IG-AP 1 was generated by cloning a dou-
ble-stranded oligonucleotide corresponding to the two adjacent in-
tragenic AP-3 recognition sites (2) and containing a BamH| sticky
endonthe 5 end, GATCTCAAAGTGAATCAGAGTTAGTCAATCAAA-
TAAT, and a Sall sticky end on the 5" end of the complementary
oligonucleotide, TCGAATTATTTGATTGACTAACCAGCTGAT-
TCACTTTGA, into the BamHI and Safl sites in the enhancerless
pCAT-promoter piasmid (Promega). Plasmid pCAT-MIG-AP1 was
made in the same way except that the AP-1 recognition sites in the
ohgonucleotide used for cloning were disrupted by substitutions at
the following, underlined positions; GATCTCAAAGCGGATATCAGC-
TGGTTAATCAAATAAT. Cells were transfected 4 1o 6 times with
each plasmid, a mean-fold induction was calculated, and the stan-
dard deviat on of the mean was determined The average-fold induc-
tion and standard deviationswere 36 + 0.4, 1.4 +02,and09+ 0 1
for the 22F6, 133, and 2208 cells, respectively

mediated inhibition of recruitment of both AP-1 and
NF-kB may intensify the negative effects on HIV-1 repli-
cation in T-cells. By inhibiting virus replication directly
and/or by blocking T-cell activation, Nef may provide a
reservoir of persistently infected cells which may ulti-
mately contribute to HIV-1 clinical tatency, HIV-1-me-
diated CD4 T-cell depletion, and AIDS.
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HIV-2 Viral Protein X Association with the Gag p27 Capsid Protein
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VPX is a 16 kDa accessory protein expressed in cells infected with HIV-2 and most SIV strains and is packaged into
virus particles. In order to define the requirements for incorporation of VPX into virions, VPX and HIV-2 GAG-POL were
expressed independently from a vaccinia virus-based transient expression system. Under these conditions, VPX was
exported from transfected celis only when coexpressed with the HIV-2 GAG-POL plasmid. A 27 kDa protein coprecipi-
tating with VPX was found to have an identical electrophoretic mobitity as the GAG capsid protein, and reacted with an
anti-GAG antiserum. Coexpression of VPX and GAG-POL resulted in virus-like particles containing both proteins, as
determined by sucrose gradient analyses. Expression of VPX and HIV-2 GAG without POL gave similar results. VPX
association with HIV-2 GAG p27 capsid protein was specific, since no association was found with the HIV-1 GAG

p25/p24 capsid protein.

€ 1994 Academic Press, Inc.

Vpx and vpr are homologous genes found in human
and simian immunodeficiency viruses (SIV) (7). The vpr
gene is found in all of these lentiviruses, while the vpx
geneis only found in HIV-2, SIV .., SIVng. @nd SV -
The protein products (VPR and VPX) are similar in mo-
lecular mass (14-16 kDa, 96-112 amino acids) and
demonstrate 26-39% amino acid sequence identity.

The function of the vpx protein product is unknown.
Though vpx is dispensable for virus replication in T lym-
phoid cell lines, replication is accelerated by the pres-
ence of vox (2~4). The magnitude of enhancement of
virus replication appears to be greatest in primary lym-
phocytes and macrophages (5, 6). The vpx product ap-
pears to act at an early step in virus replication prior to
reverse transcription (7).

The vpx gene product is packaged in the virion, re-
sulting in a 1:1 stoichiometry with the GAG p27 protein
(8). Moreover, VPX may be an RNA binding protein (8).
However, the mechanism of virion packaging of VPX
and the localization of VPX within the virion have not
been defined and are the focus of the current study.

To examine the requirements for VPX and GAG-POL
association, we expressed the protein products sepa-
rately or together in a vaccinia virus expression sys-
tem. For this purpose, the HIV-2 vpox gene was ampli-
fied by the polymerase chain amplification reaction
(PCR) and cloned between the Nco! and Sacl sites of
pTM3 (9), and the resultant plasmid was designated
pTMX. This plasmid includes a T7 polymerase pro-

' To whom correspondence and reprint requests should be ad
dressed at Box 8125, 660 S. Luchd, Washington University St
Lows, Missourn 63110, Telephone: 314.362-8836 Teletax 314
362 8826

moter and an encephalomyocarditis 5 untranslated
sequence to enhance CAP-independent protein syn-
thesis. The gag and po/ genes of HIV-2 were cloned
between the Ncol and Sacl sites of pTM3 to produce
clone pTMGP2. These plasmids were then transfected
into an African green monkey kidney cell line (BSC40)
which had first been infected with a vaccinia virus ex-
pressing the T7 polymerase (VTF7-3) (9). The trans-
fected cells were labeled with Trans[*®*S]label (ICN) and
the labeled cell-associated (Fig. 1A} and conditioned
media-associated proteins (Fig. 1B) were immunopre-
cipitated with anti-VPX (odd-numbered ianes) and anti-
HIV2 GAG antisera (even-numbered lanes).

Cells transfected with pTMX contained a labeled
product of 16 kDa (Fig. 1A, lane 3) that was not found in
pTM3 or pTMGP?2 transfected cells (lanes 1 and 5, re-
spectively). Cells transfected with pTMGP2 contained
protein products of 44, 27, and 25 kDa (lane 6). The 44-
and 25-kDa proteins were not detected in cells trans-
fected with pTM3 (lanes 1 and 2) or pTMX {lanes 3 and
4), while a celiular protein reacting nonspecifically with
the anti-GAG and anti-VPX antisera and coelectrophor-
esing with the 27-kDa protein is evident in the control
samples (lanes 1-5). The 44-kDa product1s most hikely
a partially cleaved GAG product which includes the N-
terminal p17 matrix residues and the p27 sequences.
The 27- and 25-kDa products are probably two 1s0-
forms of the HiV-2 capsid protein, as ias been previ-
ously reported (10-12). Two isoforms of the HIV1 cap-
sid protein have also been described which have elec-
trophoretic mobilities equivalent to 25- and 24-kDa
proteins (1.3). It 1s also notable that the anti-VPX and
ani-GAG aniiscia anww (o Svidence of serological
cross-reactivity {lanes 4 and 5). Cotransfection of
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FiG. 1. Association of recombinant vaccima virus expressed VPX with GAG p27. BSC40 cells were cotransfected 1 br after infection with

VTF7-3with 20 ygof pTM3 (lanes 1, 2,9, 10), pTMX (lanes 3, 4, 11,12, 17,

18), pTMGP2 (lanes 5, 6, 13, 14), pTMX and pTMGP2 (lanes 7. 8. 15,

16, 19, 20), pTMX and pTMG2 {lanes 21, 22), or pTMX and pTMGPr2 (lanes 23, 24). The calcium phosphate precipitation method was used for
t.anstection for (A) and (B) and the lipofectin transfection method for (C), and equivalent amounts of DNA were transtected in each case (with the
addiion of pTM3). After 3 hr of cuttivation in DMEM supplemented with i 5% fetal caif serum, 50 w/mil peniicitiin, and 50 ug/mit strepiomycin the
cells were placed in medium lacking methionme and cysteine, and labeled for 16 hr with 100 xCi/ml Trans[**S}label (ICN). Samples of cond)-
toned medium {lanes 9-24) were clearad of cellular debris by centrifugation at 1000 rpm for 5 min and then 0.1 vol of 10x lysis buffer was
added. Celis were washed with PBS and then PBS was added to the plates during scraping with a rubber policeman. 0.1 vol of 10x iysis buffer
was added and the cells were vortexed at 4° for 1 min. Nuclei were removed by centrifugation at 2000 rpm for 10 mun. Immunoprecipitation was
performed with a rabbit anti-Vox antiserum {odd-numbered lanes) or a mouse monoclonal anti-HIV-2 GAG antiserum (even-numbered lanes;
provided by Dr. Paul Yoshihara through the NIH AIDS Reagent Reposttory). Immunoprecipitates were washed with 1X lysis buffer three umes
and then 30 ul of 2X sample buffer was added. Samples were treated at 100° for 5 min and analyzed on 12% PAGE. Molecular weight markers

are indicated (M) and the sizes are listed on the night of the tigure 1in kDa.

BSC490 cells with pTMX and pTMGP2 resulted in the
expression of both the 16-kDa VPX product (Fig. 1A,
lane 7) and the 44-, 27-, and 25-kDa GAG products
{tane 8).

Analysis of the conditioned media from the vaccinia
virus infected and transfected BSC40 cells demon-
strated no detectable VPX protein when pTMX was
transfected alone (lane 11). However, expression of
pTMGP?2 resulted in expression in the medium of the
27-and 25-kDa GAG proteins (lane 14). These proteins
showed no reactivity with the anti-VPX antiserum {lane
13). When cells were cotransfected with pTMX and
pTMGP2, VPX was detectable in the medium (lane 15).
This suggests that expression of GAG and/or POL pro-
teins are required tor the export of VPX from trans-
fected cells. Furthermore, exposure of the conditioned
media to the anti-VPX antiserum resulted in coprecipr-
tation of the GAG p27 protemn (lane 15). This proviaes
evidence for association of the p?7 GAG protemn and
p16 VPX protemn. However, very hittle 16 kDa protemn
communoprecipitated with the 27 kDa protemn when
ant GAG antiserum was used {lane 16). Differences in
the ability of the anti VPX ana antit GAG antisera in pre
cipitating the GAG VPX complex may be due to mask-
ing of the ant GAG epitope by VPX

To determine  f pol products are required for VPX
oxport. pTMX was cotransfected with either pTR2

(Fig. 1C, lanes 17 and 18), pTMGP?2 (lanes 19 and 20),
or an expression clone for HIV-2 gag only, pTMG2
{lanes 21 and 22). Alternatively, pTMX was cotrans-
fected with an expression clone for HiV-2 gag and pro-
tease products only, pTMGPr2 (lanes 23 and 24).
pTMG2 and pTMGPr2 were constructed from PCR
products of HIV-2 nucleotides 540-2113 and 540-
2669, respectively, and cloned between the Ncol and
EcoRi sites of pTM3.

As in the previous expernments (Fig. 1B), expression
of pTMX without gag products did not resuit in the
release of VPX into the conditoned media (Fig. 1C,
lane 17). Coexpression of pTMX with pTMGP?2 re-
sulted in release from the cell of GAG p27, a smaller
amount of GAG pb5, and VPX (p16, Fig. 1C, lanes 19
and 20). Coexpression of pTMX with pTMG2 resulted
N the release from the cell of GAG p5b, but not GAG
n27 (Fig. 1C, lane 22), as expected, since the viral pro-
tease was deleted from this expression clone. VPX
was exported with GAG p55 in this expenment (Fig.
1C. lane 21). Coexpression of pTMX with pTMGPr2
resulted in the release from the cell of GAG p27. a
smaller amount of GAG p55, and VPX (hig. 1C, lanes
23 and 24). In each case in which VPX was released
from the cell, winmunoprecipitation of VPX with the ant
VPX antiserum resulted m coprecipitation of protems
with idontical electrophoretic motihties to those of the
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FiG. 2. Immunological charactenzation of the 27-kDa protein co-
precipitating with VPX. (a) Anti-VPX {lanes 1, 3, 6) and anti-GAG im-
munoprecipitates (lanes 2, 4, 6) of conditioned media from cellc
transfected with pTMX {ianes 1, 2), pTMGP2 (lanes 3, 4), or both
plasmids (lanes 5, 6) were analyzed by SDS-PAGE and immunablot-
ted with the anti-GAG antiserum. Detection was with the horserad-
ish peroxidase-coupled anti-mouse antibody, followed by enhanced
chemiluminescence detection {ECL, Amersham). The specific 27-
kDa proteinis indicated to the right. (b) Anti-VPX immunoprecipitates
from Trans[**S]labeled cells cotransfected with pTMX and pTMGP2
were analyzed by immunoprecipitation with the anti-VPX antiserum
with (lane 2} or without {lane 1) solubilization in 2X sample buffer,
dilution in 1 mi lysis buffer, and repeat immunoprecipitation with the
anti-VPX antiserum

GAG protein products (p27 or p55, Fig. 1C, lanes 19,
21, and 23). Thus, pol/ products are dispensable for
VPX export from the cell in the presence of gag prod-
ucts.

To prove that the 27-k[Da protein coprecipitating with
VPX is the HIV-2 capsid protein, we performed immu-
noblots with the immunoprecipitated proteins {Fig. 2a).
Immunoprecipitates obtained with the rabbit anti-VPX
antiserum (lanes 1, 3, and 5) or the mouse anti-GAG
antiserum (lanes 2, 4, and 6) were analyzed by SDS-
PAGE, transferred to nitroceliulose, and blotted with
the anti-GAG monoclonal antibody. Although back-
ground bands due to immuncglobulins are noted, a
specific band of 27 kDa is recognized in the anti-VPX
immunoprecipitate of conditioned medium from cells
transtected with pTMGP2 and pTMX (lane 5) and anti-
GAG immunoprecipitates of conditioned media from
cells transfected with pTMGP2 alone (tane 4) or cells
transfected with pTMGP2 and pTMX {lane 6). This pro
tein was not detected in the negative control lanes
(lanes 1--3).

Kappes et al. have recently described a 30-kDa pro-
tein in HIV-2 particles reacting with anti-VPX antiserum
(7). They suggested that this may represent a protein
~ith VPX sequences fused to other viral sequences. To
exclude the possibility that the p27 protein expressed
n the vaccinia expression system described here is
=uch a fusion protein, expenments were performed to
dissociate the p27-p16 complex. The anti-VPX im-
munoprecipitate from conditioned media of cells co-
ransfected with pTMGP2 and pTMX was solubilized
by heating at 100° for 5 min in sample buffer (62.5 mM
Tns ¢ pPH 6.8, 29% SDS. 5% 2 mercaptoethanol), dr-

luted in lysis buffer, and reimmunoprecipitated with the
anti-VPX antiserum (Fig. 2b). The products of the firgt
immunoprecipitation included both the 16-and 27-kDa
proteins (lane 1), whereas after dissociation of the
complex, only the 16-kDa protein was immunoprectpi-
tated (lane 2). This provided evidence that the 27-kDa
protein lacks an epitope reactive with the anti-VPX an-
tiserum, in agreement with the previous findings (Fig.
1). Thus, immunoprecipitation of the 27-kDa protein
with the anti-VPX antiserum (Fig. 2b, lane 1) must be a
result of an association with VPX.

In order 10 determine if the VPX and GAG proteins
exported from transfected cells werc asscciated with
virus-like particles, sucrose gradient analyses were un-
dertaken {Fig. 3). Proteins released from metabolically
labeled VTF7-3 infected celis transfected with pTMX,
pTMGP?2, or both plasmids were sedimented through a
20% sucrose cushion and analyzed on 20-60% (w/v)
sucrose gradients. Each fraction was concentrated
with 10% (w/v) trichloracetic acid and analyzed by
SDS-PAGE (Fig. 3). Fraction 9 represented the peak
fraction, at density 1.142, for both the 16- and 27-kDa
proteins (Figs. 3b and 3c). Immunoprecipitation of frac-
tion 9 from pTMGP2 transfected cells revealed no prod-
ucts reactive with anti-VPX antiserum and only the 27-
kDa capsid protein reactive with the anti-GAG anti-
serum (not shown). Analysis of fraction 9 from cells
cotransfected with pTMGP2 and pTMX demonstrated
the 16- and 27-kDa proteins after immunoprecipitation
with the anti-VPX antiserum and the 27-kDa protein
after immunoprecipitation with the anti-GAG antiserum
(nct shown). Immunoprecipitation of fraction 3 of su-
crose gradients of particulate material from pTMX
transfected cells (Fig. 3a) using eisther the anti-VPX an-
tiserum or the anti-GAG antiserum revealed no parti-
cle-associated viral proteins. This is consistent with
the previous finding (Fig. 1) that VPX is exported from
transfected cells only in the presence of GAG protein
expression.

Immunogold electron microscopy using anti-VPX
antiserum confirmed the presence of VPX in particles
released from BSC40 cells cotransfected with pTMX
and pTMGP2. In these studies, gold particles were
also seen overlying budding particles at the plasma
membrane (not shown). No labelling ¢t the plasma
membrane was seen in cells that were transtected with
pTMX alone, or pTMGP? alone.

In order to examine the specificity of the interaction
of the HIV2 p27 GAG protein and VPX, an experiment
was performed to ask whether HIV1 GAG protein asso-
ciates with VPX (Fig. 4). For this purpose. we cloned
both the gag and po/ genes of HIV1 into pTM3 at the
Ncol site in the polylinker in clone pTMGP 1. A plasmid
capable of expressing only the HIV 1 gag product was
constructed from pTMGPt by introducina a frameshift
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Fig. 3. Sucrose gradient analysis of particles expressed from recombinant vaccinia virus infected celis. BSC40 cells were intected, trans
facted, and labeled with Trans[?*S)label as described in Fig. 1 legend. Cellular debns was removed from the conditioned media by centnfugation
at 2000 rpm f~- 10 mi- at 4°. Particles were concentrated by sedimentation through a 20% sucrose cushion prepared i PBS at 28.000 rpm for
g0 min at 4° in a SW 28 1 rotor. Particles were resuspended in 200 ul PBS, layered on linear 20-60% sucrose gradients in PBS, and
centrifugation was performed in a SW28. 1 rotor at 20,000 rpm for 16 hr at 4°. Fractions were removed from the bottom of the tube. {a) Sucrose
gradient fractions from cells transfected with (a) pTMX, (b) pTMGP2, or (¢} pTMX and pTMGP2 were precipitated with 10% trichloracetic acid
and analyzed by 12% SDS-PAGE. The densitometric analysis of the sucrose gradients is shown below each autoradiogram with the densities ot
each fraction as determined by refractive indices. M indicates molecular weight markers, which are 30, 22. and 14 kDa in size

mutation at the B¢/l site in the 5’ portion of the po/ gene
and designated pTMG1. BSC40 cells transfected with
pTMX with or without the GAG expression clones were
labeled with Trans[*®*S]label and proteins in the cell ly-
sate (not shown) and conditioned media (Fig. 4) were
immunoprecipitated with anti-VPX or anti-GAG anti-
sera. Cells transfected with pTMX alone or pTMX with
pTMGP1, pTMGP2, or pTMG1 expressed similar
amounts of VPX protein in the cell lysates (not shown).

Examination of the conditioned media demonstrated
no VPX protein from cells transfected with pTMX alone
(Fig. 4, fane 6). Conditioned media from cells trans-
fected with pTMGP1 alone show a predominant 25-
kDa product and smaller amounts of 24- and 41-kDa
products (lane 7). Conditioned media from cells trans-
fected with pTMGP2 alone show a 27-kDa product and
a smaller amo unt of the 25-kDa product (lane 9), as
previously demonstrated (Fig. 1). Conditioned media
from cells transfected with pTMG1 included a 55 kDa
product (lane 11), representing the GAG precursor pro-
tein which 1s not cleaved due to the absence f wviral
protease expression from this plasmid,

Conxprassion of pTMX and pTMGP? results in VPX
exportnto the condiioned media (Fig. 4, lane 16) as
well an GAG p?27 expression {lane 15). Furthermore,
GAG p27 coprecipitates with VPX using the anti VPX
antiserum {lane 16), and 10 & lesser degree VPX copre
cipitates with GAG with the ant GAG antiserum (lane

15). In contrast, coexpression of pTMX with pTMGP
{(lane 14) or pTMG1 (lane 18) did not result in VPX ex-
port or coprecipitation with GAG (lanes 13 and 17).
These data suggest that VPX associates specifically
with HIV2 GAG products and not HIV1 GAG products

The current study has examined the wviral determ.
nants required for VPX packaging. This work demon-
strates an association between GAG p27 and VPX
This may represent a direct interaction of the viral cap-
sid protein and VPX. Alternatively, an indirect assacia-
tion through another factor is possible. Such a © “or
could be RNA, in light of the previous report that VPX
binds RNA {8). HIV-2-specific viral RNA would not be
expected in the particles produced with the vaccinia
Virus vector since the presumed viral packaging se
quence is not included In the expression plasmid
Some RNA species is presentin the particle, as demaon
strated by [*Hlundine labeling expenments ai: oy
crose gradient analysis, but attempts to coprecipiate
RNA with VPX using anti-VPX antiserum were unsuc-
cessful (not shown). This suggests that there 1 not 3
tight association of VPX with RNA m parucies pro
duced in this espression system. The current data il
do not exclude the presence of additional viral GAG
protemns in the complex with VPX. This must be exam:
ined with additional specific antisera.

The current findings demonstrate that expression of
gaqg s sufficient for incorporation of VEX inte virus hke
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FiG. 4. Specificity of VPX for association with HIV-2 GAG but not HIV-1 GAG protein. BSC40 cells were transtected with pTM3 (lanes 1 3),
pTMX (lanes 4 -6). pTMGP1 (lanes 7. 8), pTMGP2 (lanes 9, 10), pTMG1 (lanes 11, 12). pTMX and pTMGP1 (lanes 13, 14), pTMX and pTMGP?2
{lanes 15, 16), or pTMX and pTMG1 {lanes 17, 18). Cells were transfected with equivalent amounts of DNA and labeled with Trans([?*S]label. as
described in Fig. 1 legend. Sampies of conditioned media were immunoprecipitated with an anti-HIV-1 GAG antiserum (lanes 1. 4,7, 11,13, 17,
produced in rabbits with a recombinant protein provided by the NIH AIDS Reagent Repository through American Biotech), the anti-HIV-2 p24
antiserum (lanes 2, 5, 9. 15), or the anti-VPX antiserum (fanes 3, 6, 8, 10, 12, 14, 16, 18). Samples were electrophoresed on SDS-PAGE and

molecular weight standards (M) are shown on the nght.

particles. Neither the envelope protein nor pol-en-
coded proteins are required for VPX packaging.

The association of VPX and the GAG p27 protein and
the incorporation of VPX in the virus particles suggest a
role early in the virus life cycle for VPX. VPX may facili-
tate the dissolution of the viral core in order for reverse
transcription to occur. The exact mechanism of VPX
function remains to be defined.
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Myristoylation-Enhanced Binding of the HIV-1 Nef Protein to T Cell Skeletal Matrix
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The negative factor, Nef, of HIV-1 was found to associate to an extent of 16-42% with the detergent insoluble
cytoskeletal fraction of T lymphocytes. Furthermore, Escherichia coli expressed Nef protein was found to bind during in
vitro reactions with the cytoskeletal matrix to an extent of 30-50%. Cytoskeletal association of Nef was significantly
enhanced by myristoylation. The specificity of the myristoylation-enhanced binding was demonstrated by the lack of an
effect of myristoylation on binding of the HIV-1 Gag protein to the cytoskeleton. Cytoskeletal binding was saturabie,
and inhibited by high concentrations of sodium chloride, or with SDS or urea. Binding of Nef to the cytoskeletal matrix

may be important in mediating its effects on HIV-1 replication. @ 1993 Academic Press, Inc

The negative factor gene, nef, is present in ail human
and simian immunodeficiency viruses (7). The nef gene
product of HIV-1 is generally 25-27 kDa and 197-210
amino acid long, whereas the nef gene products of
HIV-2 and SIVs are generally 32 kDa and 240-264
amino acids in length (7). Though there is only 38%
sequcnce homology between HIV-1 and SIV,,,. Nef
proteins, there is a much higher level of conservation of
the central region of the proteins whicn have homology
to G proteins (2). iri addition, a myristoylation acceptor
glycine codon at the penultimate codon position is
present in all nef genes (7). Though the role of the myr-
istoyl modification of Nef is not clear, it has been sug-
gested to be critical for its cellular localization and its
activity (3, 4).

In vivo, Nef is important for the pathogenicity of SIV-
mac in rhesus macaques {5). Several in vitro studies
have suggested that both HIV-1 and SIV,,,. Nef pro-
teins function to depress virus replication (6-10) at the
level of viral transcription (2, 3, 8, 71), but not all au-
thors have reached similar conclusions (72~14). In ad-
dition, Nef appears to depress cell surface expression
of CD4 and induction of IL2 expression in T lympho-
cytes (15, 16). The relationship between the in vitro
and in vivo activities of Nef remains to be defined.

Several studies have also examined the cellular local-
ization ot Nef, but with differing results (4, 73, 17-19).
The current studies utilized cell fractionation methods
to demonstrate iocalization of a portion of Nef in the
cytoskeletal matrix of 7 lymphocytes. This 1s a deter-
gent insoluble framework of oroteins which includes
e cvtoskeleion and membrane skeletal fractions. Fur

Crme s have dovelnpad 2 00ve. 0N ES e i

S o ne et i Eets shebd Der gy b g

examine the dependence of myristoylation for Nef bind-
ing to the cell skeletal matrix.

In order to examine the cellular localization of Nef,
we used a JURKAT 25 cell clone resuilting from stable
transfection of a plasmid (SRalpha) expressing nef from
HIV-1 strain NL4-3, using a human T-iymphotropic
virus type 1 (HTLV1) promoter and an SV40 enhancer
(133 cells) (15, 20, 21). Control JURKAT 25 cells (22F6
or 22 cells) do not express Nef. In addition, we used
HPBALL cells infected with a recombinant retrovirus
expressing nef from HIV-1 strain SF2 using the Mo-
MuLV promoter (NEF cells), and control HPBALL cells
not bearing nef sequences (LN cells) (76, 20, 27). Both
unstimulated cells and cells stimulated for 4 hr with
phorbol-12-myristate- 13-acetate and phytohemagglu-
tinin were used. Cells were lysed in hypotonic I/sis
buffer (10 mM HEPES, pH 7.9, 10 mM KCl) by Dounce
homogenization, and unbroken cells and nuclei were
removed by centrifugation at 1500 rpm at 4° in an Ep-
pendort centrifuge. The postnuclear supernatant was
supplemented with NaCl to a final concentration of 150
mM and was then separated by ultracentrifugation at
38,000 rpmina 70.1 Tirotor at 4° for 1 hr into a super-
natant fraction (cytosol, C) and a pellet. The pellet was
resuspended in NTENT buffer (150 mAf NaCl, 10 mA/
Trs-Cl, pH 8.0, 1 MM EDTA, pH 8.0, 3 u/ml aprotinin,
0.1 mMPMSF, 0.1 mM sodium vanadate. 10 mM NaF,
50 mM glycerol phosphate, 1% Triten X 100, 19 NP
40) and resedimented unger the same Gitracentrifuga
tlon conditions Into a supernatant fraction (membrane,
M) and a pellet isketeton, K

Lrdertheea transanatien conchiticne T8 SN el sk
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a
LN-U NEF-U LN-S NEE-S
C M K C M K C M K C M K
Nef —-— o -
Tubulin

HP-BALL - Unstimulated HP-BALL - Stimulated

NEE A :EF}:an e Tubulin 5NT  LDH
Avg Range Tubulin SNT LDH v 9
(%) (%) (%) (ug) (BBuml)| (%) (%) (%) (ug) (BBuml)

C 22 1535 38 08 1600 [ 40 3050 38 5 1500
M 43 4045 11 40 1300 M 36 3237 3 37 1300
K 35 2742 5% 02 100 [ 24 1632 58 <0t 100

b
22-U 133-V 22-S 1335
C M K C M K C M K C M K
sont A

JURKAT - Unstimuiated JURKAT - Stimylated
NEF NEF
Avg Bange SNT LDH Avg Range SNT LDH
(%) (%) (ug) (BBumi) (%) (%) (ug) (BBumI)
CcC 33 3037 03 1600 C 34 3037 .03 1600
M 40 3245 43 1300 M 44 3848 30 13%
K 27 1835 <.0f 150 K__22 1830 <.01 130

F1G. 1. Nef 1s associated with skeletal, membrane, and cytoplas
mic cellular fractions {a) HPBALL and (b) JURKAT cells were fraction-
ated by ultracentnfugation into cytoptasmic (C), membrane (M), and
skeletal fractions (K) HPBALL LnefSNS1 cells (NEF-U and NEF &)
s the nef gene denved from the HIV- Tisclste S5 2 whereas the

PEALL LN cells (LN U and [ N S) do not express nief Cells were

wntaimed at loganthmic growth in RPMI-1640 medium supple
meented with 10% tetal bovine serum and 2 mM glutamine. Four
hours prior to harvest, 7 x 107 cells were either not stimulated (U) or
were stimulated (5 with 13 gg/ml PHA (Sigma) and 50 ng/ml PMA
Sigma) Cells were harvested at 1500 rpm for 5 min and were
washed twice with phosphate butfered saline (PES) Cell petlets
were resuspended i hypotome vsis bufter and aliowed to swell un
cedor 15 mun Cells were then dounced 20 times, nucker and gnbro

sncels remaoved ot 1500 mm, and post nuclear supematants, .

tecated by ultracentrfiganon into cytoplasmic (G membrane (M),
A0t skelatal fracthione (K as descnbed in the text Frachon ogqun
rits ware analyzed by 10% SDS PAGL and immunabiot analysis,
e prmary o abndy was a rabbit ann Net antisorgm or g mouse
i ntohn anterngm (Boehnnages Mannheam), and the secondary
TR0V was a horeradish poroxadase conjuyated anat anti ratibnt

tech) or alkaline phosphatase Conpugated qoat anto meee

Ceflab Froteans were seaded dollowveng e additon ot

CiAmershomy or NBIU/BCIP (Promega acd were goinnt
Cdenatametey nf Kodak XAR filrme A Dands weron thie
it analysie as detenmined by a standard corve | DH and
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FiGg. 2. Mynstoytation of Nef in £ col. Bacternia (stran IM101) were
transformed with the NMT expression plasmid alone (N) or together
with plasmids expressing the mynstoylation acceptor mutant Net (A)
or the wild-type Nef (G) {22). Bactena (2 mi) were grown to nnd {og
phase (Ag, - 0.5-0.6) and induced with 20 ut of 100 mM IPTG 10
induce NMT expression and 2 ul 50 mg/mi nalidiac acid to induce
Nef expression for an additional 2-4 hr in the presence of 400 uCi
["Hjmynstate (56 Ciinmoi, Anersihamy Baciena were sedimented
at 6000 rpm for 15 minin a JA20 rotor at 4°, washed twice wath PBS,
and lysed by boiling in 100 ul of 2¥ sample buffer Equivalent vol
umes (5 ul) were analyzecd by SDS PAGE and (a} i:mmunoblot as
descnbed in Fig. 1 or (b) autoradiography (22). Molecular weight
ke s gre shown in lane M

seen between unstimulated or stimulated HPBALL
cells (Fig. 1a) or JURKAT cells {(Fig. 1b). Similar results
were obtained in fractionation studies using [*H]myristate-
labeled Nef (not shown). The skeletal fraction had no
significant contaminating membrane or cytosolic pro
teins, as evidenced by the lack of significant amounts
of &' nucleotidase (5'NT, membrane marker protein) or
lactate dehydrogenase (LDH, cytosolic marker pro-
tein}. Tubuhn was used as a marker protein for the skel
etal fraction, and 51 59% of this protein was presentin
the skeletal fraction. 38% in the cytosahe fraction, and
only 3 11% in the membrane fractcn b2 1a). Thus,
there 1s very little contarmmation of the membrane frac-
tion with skeletal protein

Inorder to further assess the nature of the binding of
Nef to the skeletal matnix, recombinant proteins ex-
pressed in £scherichug col were uthzed (22). To obtam
myristoylated bactenial Nef proteins, we transformed
bacterna with a nef expression plasnnd and 3 plasnuad
axpresamyg the yeast N mynstoyl transferase (Fig 24,
G). In this expenment the nef gene was denved trom a
recombinant of two closely related HIV 1 strams, HXB2
anct HXB3 (22 A clone with a glycine to alhrene mats
tion i the mynstoylation acceptor siteé was utdired to
ettt enontogtstoa s e forme e P NGHEN I o
Dot oot uT Vet Dy st e forase alone
(N} was used as o negative control A 25 KDa protem

v destoctod fromm bothc A and G eapression s, stetns,

av o dotected by o polyclonal rabbt antisen o Net
(Fig 200, The form of nef with glyveine code: conild

[BIEATAIEE (! ;mn}w;« tob e dantt ! ‘H‘];.'T'l',.':‘ e b e
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a) Nef b} Gag
Supernatants Peliets Supernatants Peliets
N G A N G G A G
T -+ + - - -+ - 4+ - + Cytosk
- oo e ..o...“-gg?
p25 - TPEIEREE e - — ﬁ“ H ) . *=-p3g
- WD e o, - 2
[ S— -~

- o -
- -

- <

Protein Specitic Binding (%)
Nef-G 34 30-50

GAGG 33 30-40
GAG-A 38 30-45

Protein in pellet (+) Cytosk
Specific Binding = Protein in peliet + sup (+) Cytosk

Avg Range
8 5-15

__Praotein in Pellet (-) Cytosk .
Protein in pellet + sup (-) Cytosk

FiG. 3. Binding of Nef and Gag proteins to skeletal matrix. Bacteria (60 ml) were grown to mid-log phase, and induced with 0.5 ml 100 mM IPTG
and 50 ul 50 mg/ml nalidixic acid tor an additional 2--4 hr. Extracts were prepared as described in the text from bactena expressing NMT alone
(N) or together with (38) Nef-G or Net-A proteins or {b) Gag-G or Gag-A protemns. Binding was performed with 300 ug of recombinant bacterial
protein and 300 ug HPBALL {LN) lymphoid skeletal proteins as described in the text at 18-20° tor 30 min. The reaction mixture was separated by
ultracentnfugation nto a supernatant and pellet fraction, and 20 ul of each sample was analyzed by 10% SDS -PAGE and immunoblot with the
anti-Nef antibody or an anti-Gag p24 antibody as described in the legend to Fig. 1. The Net bands were in the linear range of analysis as
determined by a standard curve. Specific binding of recombinant bactenal proteins to lymphoid skeletal proteins are described at the bottom

tected by SDS-PAGE and autoradiography. In con-
trast, no [*H]myristate incorporation occurred into the
mutated Nef (A) or into £. coli proteins (N). Also identi-
fied in the A and G Nef expressing bacteria, but not
those expressing NMT alone, were small amounts of
18 and 26-kDa proteins which did not incorporate
*H]myristate (even with a longer exposure of the auto-
radiogram shown in Fig. 2b).

Recormbinant G and A Nef proteins were partially pu-
rified from E. coli after lysozyme treatment and sonica-
tionin NTENT buffer supplemented with 0.5% SDS and
0.5 M NaCl. insoluble debris was removed by ultracen-
trifugation at 45,000 rpm for 3 hr at 4° ina 70 Ti rotor
before and after dialysis overnight against NTENT
buffer. For mn vitro binding reactions, skeletal matrix
was prepared from HPBALL {(LN) cells as previously
described. Binding reactions were performed with 300
ug of partially purified bacterial proteins (in 20 ul) and
300 ug of insoluble skeletal proteins (in 20 ul) in a reac-
tonvolume of 100 ulin NTENT buffer at 18° for 30 min.
Similar results were obtained in reactions performed
for 5 120 min. The reaction mixtures were then
troated by ultracentnfugation at 38,000 rpm for 30 min
At 470 a 70 Tirotor. The supernatant was transterred
tor 100 wl of 4 sarmple buffer (0.25 M Tns Cl, pH 6.8,
&, DS, 40% glycerol, 20% 2 mercaptoethanol,
0 02% bromophenol blue), and the pellet was resus
peended in 200 ul of 2x sample buffer. Twenty micro
hters of each sample was then analyzed on a 10%
5SS PAGE and analyzed with the anti-Nef antiserum
using the ECL system (Amersham). The relative pro
portions of protein in each fraction were determinsd by
densitometnc analysis

Representative results of a binding experiment are
shown in Fig. 3a. Between 30 and 50% of the Nef G
protein (average 34%) was found associated specifi-
cally with the skeletal matrix, whereas only 5-15% of
the Nef A protein (average 8%) was in the pellet frac-
tion. When expressed in the absence of N-myristoy!
transferase, Nef G and Nef A showed no significant
differences in cytoskeletal binding (not shown). The re-
sults presented in the table represent 12 independent
experiments with 6 different preparations of Nef pro-
teins and 6 different preparations of skeletal matrix.

To determine the specificity of the myristoylation-en-
hanced Nef binding to skeletal matrix, binding of HIV-1
Gag proteins was also analyzed (Fig. 3b). The Gag £.
coli expression system, was similar tn the Nef expres-
sion system, and used the gag and po/ genes of HIV- 1,
which were detected with a rabbit anti-p24 polyclonal
antiserum, as previously described (22). The predomi-
nant protein was 55 kDa, representing the fult Gag pre-
cursor, and smaller amounts of 41- and 39-kDa pro-
teins were also expressed which were denved from
HIV-1 protease-specitic scission at the p17/p24 and
p24/p15 cleavage sites. In this system. 30 40% of the
Gag G protein {average 329%) bound specihically to the
skeletal matnx, and 30 45% of the Gag A protemn
bound the pellet companents (average 38%). Thus,
mynstoylaton did nat enhance Gaa assaciation with
the skeletal matnix, as it did in the case of Nef.

The nature of the skeletal matnx binding site for 1t
myrnstoylated Nef protein was analyzed by saturation
binding expeniments and studies of reagents that pre
vented Nef association with the insolnble matox (Fa
4). With incieasing amounts of Nef G protem exiract,
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FiG. 4. Saturation binding and inhibition studies of the Nef interac-
ton with the skeletal matnx. (a) Protem extracts from Nef-G bactena
(0 -75 ul, 0- 1100 ug) were incubated with 500 ug HPBALL-LN skele-
tal proteins in 140 ul total NTENT as described in Fig. 3 and the text.
{b) Extracts from Nef-G bacternia (300 ug) were incubated with 300 pg
HPBALL-LN skeletal proteins that were not pretreated, or were pre-
treated for 5 min with the specific reagents, in a total volume of 100
ul NTENT, and fractionated as described n the legend to Fig. 3 and
the text. The amount of Nef specific binding to the skeletal matrix
was determined by SDS PAGE, immunoblot analysis. and densitom-
etry as descnbed i the legend to Fig. 3. All Nef-specific bands were
quantitated in the hnear range of analysis as determined by a stan-
dard curve The residual protein contents of the cytoskeletal prepara-
tions, as determined with the Bradford reagent, after treatment with
specific reagents, compared to the untreated samples were as fol-
lows: 65% after 1 M NaCl, 58% after 1.5 M NaCl, 52% after 3 M
NaCl, 35% after 0.5% SDS, 72% after 2 M urea, 95% after 3 mM
mynistic acid, and 97% after 9 mM mynistic acid treatment. These
expernments were repeated on three separate occasions with similar
results

incubated with a constant amount of skeletal proteins,
saturation of binding was achieved with approximately
25 ul (300 ug) of Nef protein extract (Fig. 4a). The
amount of Nef protein in this volurme of extract was 20
ug as determined by comparing the intensity of the
Nef-specific band in the bactertal extract to a standard
curve using purified Nef protein (provided by the AIDS
Repository). Using 25 kDa as the molecular mass of
Nef, this corresponds to 5 » 10 molecules of Nef
required to saturate 500 ug of skeletal proteins. Thus,
the calculated number of skeletal binding sites for Nef
IS approximately 2~ 107 sites/cell,

The association of Nef with the skeletal matrnix could
be inhibited with progressively increasing concentra
tons of NaCl from 1 to 3 M (Fig. 4b). That 35 404 of
Nef bound to the skeletal matnx in the presence of 1.5
A NaCl suggests a tght interaction; however, binding
“malmost completely inhibited with 3 M NaCl This
e suggest that ome interactions may be critical for
et cytoskeleta interaction. Pretein denaturants, SDS
g urea, couid completely prevent the binding of Nef
O the cytoskeletal matrix, siuggesting that the tertiary

structure of either Nef, the cytoskeletal binding site, or
both is important for binding (Fig. 4b). it should be
noted that the size or nature of the cytoskeletal pellet in
honc enpenmente was not cinnicantly altered in the
presence of NaCl, SDS. or urea. Though protein con-
tents of the cytoskeleton were diminished to some ex-
tent by these treatments (Fig. 4 legend), the effects on
Nef binding were significantly larger than those on the
protein content. Finally, inclusion of 3 or 3 mM mynstic
acid did not affect the assoctation of Nef with the skele-
tal fraction, suggesting that the Nef binding factor 1s
not merely a myristic acid binding receptor. This 1s 1n
agreement with the observation that myristoylated Gag
did not associate with the cytoskeletal fraction 10 a
greater extent than its nonmyristoylated counterpart
(Fig. 3).

The data presented here suggests that Net protein
derived from three different HIV-1 isolates 1s capabie of
associating with the T-cell cytoskeletal matrix and that
the interaction is facilitated by myristoylation. 1t1s possi-
ble that Nef binds directly to a cytoskeletal protein such
as actin or tubulin, or it is possible that Nef interacts
with a protein that binds directly to the cytoskeleton.
Additionally, it is possible that myristoyiated Nef may
bind to one cytoskeletal binding site, while nonmyris-
toyiated Nef may bind to a distinct site. This may ex-
plain the different binding patterns of these two forms
of Nef. Alternatively, both forms of Nef may bind to the
same site, and myristoylation serves to promote or sta-
bitize the interaction. The result that 50-85% of Nef
associates with either the membrane or cytoskeletal
fraction (Fig. 1) may reflect the fact that only 50 - 85% of
Nef proteins within the cell are myristoylated. Within
intact cells, there may be a dynamic state such that
Nef may localize and translocate within cells depend-
Ing upon differences N post-translational moedifica-
tions, such as mynstoylation, phosphoryvlation, o aly
cosylation.

Previous studies regarding the localzation of Nef
have reported that Nef is pnmanty extranuclear (13, 17)
and that myristoylation is required for membrane asso-
ciation (4). However, these expeniments do not exclude
the possthility that mynstoylated Net associated with
the cytoskeletal matrix as well Other studies atomng
inmunobustocheme sl methods suggest that Nef g
present throughou! the oytoplasn, but lares anants
of Net arc tocated v o pernnuclear location as w18
19). Additionally, Owod or gl report that Netb e also

present m elongatead cytoplasnne processes o e
dopods (78). Interestnaly, pennuclear concentration,
and the presence of Netin pseudopods gy, e con

sistent with the possitnhity that Nef s assooateg sath
cytoskeletal elements in that the mucrotubide craame
g certer s in g pencackear location, and cvtock et
components are precent o poeudopoda, and are i
partant for ther tormaton The roesolte precenteddim the
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current study are consistent with the previous studies
in which cytoskeletal association of Nef was not ad-
dressed.

The cell matrix includes the cytoskeleton and the
membrane matrix. it is composed of a framework of
fibers that maintain the structural integrity of the cell,
and allow the interaction of cell surface receptors with
membrane matrix and cytoskeleton.

There are several interesting parallels between Nef
and two other myristoylated proteins, MARCKS and
Src. MARCKS (myristoylated alanine-rich C-kinase
substrate) is one member of a family of myristoylated
proteins in macrophages and neutrophils (23). 1t binds
calmodulin and regulates cell activation and mitogene-
sis. MARCKS colocalizes with vinculin, talin, and pro-
tein kinase C in focal contacts where the actin cytosket-
eton abuts the substrate-adherent plasma membrane.
Furthermore, MARCKS can bind and cross-link actin,
and this binding is regulated by phosphorytation, cal-
cium, and calmodulin. The first 14 amino acids of
MARCKS, including the myristoylation acceptor site,
are critical for its cytoskeletal binding.

Myristoylation-dependent binding has also been
shown for the oncoprotein Src (24). in this case, a spe-
cific membrane protein of 32 kDa was found to bind
myristoylated but not nonmyristoylated Src. Myristoy-
lated peptides corresponding to the amino-terminal
sequence of Src were capable of inhibiting binding to
the receptor, whereas myristoylated peptides based
on sequences of other proteins had no inhibitory ef-
fects. Myristoylation is critical for Src-mediated trans-
formation, and previous work suggests that myristoyla-
tion may be critical for Nef effects as well (3).

Cytoskeletal binding has also been found for several
members of the G protein tamily, including G alpha, rab
5, M, , and a homologous protein in Dictyostelum (25 -
28). Other cytoskeletal binding proteins in lymphocytes
include ezrin, intercellular adhesion molecule 1 {CAM-
1), CD11a/CD 18, and LSP-1 which may be phosphory-
lated and utilize a basic domain for cytoskeletal binding
{P9-32). In several cases, cytoskeletal binding has
been implicated in the regulation of cell activation. An
other interesting example of a cytoskeletal binding pro-
tein s the Epstein Barr virus latent membrane protein
which is important for the abiity of the virus 1o ymmar
tahize B lymphocytes (33). Thus, Net may have sunifar
properties to these proteins in that it has homology to
G protemns (though GTP does not bind well it at ait to
Nef), 1t s phosphorvlated by protem kinase C, and it
can modulate T cell activation (34)

The significance of skeletal matnx tindimg of Net re
mams to be determined. However, recent hndings
have suggested that Nef disrupts signal transduction
T lymphocytes, inhubiting both NE FB and AP gener
atnn by PMA and PHA exposure (20, 21) This may be
due to an effect on the T cell receptor CD3 pirotenn

tyrosine kinase-G protein complex, or an effect on pro-
tein kinase C activation. Cytoskeletal interaction of one
or more of these components or other important cell
regulators may be altered by Nef. This may account for
the ability of Nef to downregulate HiV-1 transcription
and to inhibit T cell activation, which may result in a
reservoir of persistently infected cells with repressed
Virus expression.
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The subcellular localization of human immunodeficiency virus type 1 (HIV-1) viral protein R (Vpr) was
examined by subcellular fractionation. In HIV-1-infected peripheral blood mononuclear cells, Vpr was found
in the nuclear and membrane fractions as well as the conditioned medium. Expression of Vpr without other
HIV-1 proteins, in two different eukaryotic expression systems, demonstrated a predominant localization of
Vpr in the nuclear matrix and chromatin extract fractions. Deletion of the carboxyl-terminal 19-amino-acid
arginine-rich sequence impaired Vpr nuclear localization. Indirect immunofluerescence confirmed the nuclear
localization of Vpr and also indicated a perinuclear location. Expression of Vpr alone did not resuit in export
of the protein from the cell, but when coexpressed with the Gag protein, Vpr was exported and found in
virus-like particles. A truncated Gag protein, missing the pé sequence and a portion of the pY sequence, was
incapable of exporting Vpr from the cell. Regulation of Vpr localization may be important in the influence of

this protein on virus replication.

The human immunodeficiencey virus type 1 (HIV-1) genome
is morc complex than those of murine and avian retroviruses.
In addition to the basic functions encoded by gag. pol, and env,
the HIV-1 genome includes at least six additional genes with
distinct regulatory roies (sec references 31 and 39 for reviews).
Two of these regulatory genes, tar and rev, are esscntial for
virus gene expression. The remaining genes, vpr, vpu, vif, and
nef are dispensable for virus replication in tissuc culture, but
mutations of these genes alter the replication propertics of the
virus.

HIV-1 vpr encodes a protein (viral protein R [Vpr]) of 96
amino acids (27). Previous studies have shown that the vpr
products can increase the rate of replication of the virus and
accelerate its evtopathic effects in T-cell lines and in peripheral
blood mononuclear cells (PBMCs) (6. 8, 28, 29). Cohen and
colleagues suggested that vpr increased gene expression from
the HIV-1 promoter. as well as a wide range of other promot-
ers, but the mechanism of this effect remains to be determined
(7y. vprois also found in the genomes of HIV-2 and several
strains of simian immunodeficieney virus (S1V) (5. 14). The
activity ol the HIV-2 and SIV vpr gene products appears to be
similar to that of HIV-1 vpr (16, 35). Furthermore, STV | ovpr
ts important for the development of ap ATDS-like discase in
rhesus macaques (22).

HIV-10 HIV-20and STV v gene products have 26 a0 3677
amimo acwd identity (40). Certan features of the Vpr proteins
among different HEV ssolates are highly conserved, including
the presence of asingle evstemne residue at amino acid position
76 of FIIV-T Vpr.a predicted amphipathic alpha-helical Toop in
the Neterminal portion of the protein. and the presence of an

PO b a1 .
R T D N A T Y PR PR
o

Vprois packaged within the HIV-E vion (0 450 Sibae
hadings hine been reported for SIV 0 Vpr (). The Vs
protein s the only regulatory product of HIV-T found m virus
particles. though the bomaologous v eene products of HIV:2
and STV are also associted with virus particles (17 19,

‘ However. the subcellular distribution ot Vproaod the mecha-

Carresponding aathor,

nism of incorporation into virus particles are unclear. In this
study, the subccellular localization of Vpr in HIV-I-infected
PBMCs and in two different vpr expression systems in mam-
malian cells was examined by subccllufar fractionation and
indircct immunotluorescence techniques. The role in cellular
localization of the carboxyl-terminal arginine-rich sequence of
Vpr was specifically studied. Lastly, the effects of Gag coex-
pression on Vpr export and incorporation into virus particles
were examined.

MATERIALS AND MIFTHODS

Cell lines and culture. COS-7 cells were obtained from the
American Type Culture Collection and maintained in Dulbee-
co’s modified Eagle’s medium (DMEM) supplemented with
10% heat-inactivated fetal call serum. T mM pyruvate. 100 U
of penicillin per mi and 100 o of streptomyen per ml. BSCH0
cells were maintained in the same medium. PBMCs were
purtficd from normad human leukocvtes by centritugation onto
Ficoll. After 3 davs of stimulation with phytohemagglutinin (15
pe/ml:s Sigmi). PBMCs were maintained in RPMI 1040 me-
divm supplemented with 1077 heat-tnactivated fetal calt’ se-
rum, 4 mM ghitamine, 30 U of recombinant interleukin 2
(Cetus) per mlo 100U o penicithin per mlo and 100 pe ol
streptomyein per mb

Vpr and Gag expression plasmids. HIV-1 nucicondes 3358
te 3809 (nmbered according to reference 27) encompassing
the pNLA-3 v cone was obtimed by the polvmerase cham
amplification reactton, using primers AN TACCATGGAN
CAANGCCCOAGAAGA and GATGOTTCOANGGOATCCGH
CIAGOATOTACT Gl The reaction product was digested with
Neol and Bar i and cloned into p M3 (designated here
PEMY (120 20). to produce pITM-VPR. The Neol-Bamliil
fragment ol pPIM-VPR was cloned between the Safl and Sacl
sites of pSRalpha (23) after blunt endimg with T3 DNA
polvmerases i the correct orentation (pSR-VPR<O and i the
meorrect or antisense onentation (PSR-VPRO) see b 2A)
Fhe CRST mutant cone was constructed by digestion of
PNL3 wath Sall e noddeotide 37860 and blunt endine with
the Kienow fragment of PN polvimcrase Loirwas then cloned
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into the pTM vector by the strategy used to construct pTM-
VPR.

An Neol-Neot fragment from plasmid pGGl (3. 32). con-
taming nucleotides 789 to 5674, was cloned into the Neol site
of plasnid pTMA3, to produce plasmid pTM-GAG-POL. This
clone contains the gug and pol open reading frames. Expression
of the pol gene was abrogated by frameshift mutation at the
Bell site at nucleotide 2428 in the 57 portion of pof to produce
pPTM-GAG. Plasmid pTM-GAG(pdt) was constructed trom
pTM-GAG-POL by frameshift mutation at the Apal site at
nucleotide 2005, using T4 DNA polymerase 1. This results in a
termination codon at nucleotide 2058 after the first Cyvs-His
box coding region of pY.

Vpr and Gag p24 antisera. A New Zealand White rabbit was
inoculated with complete Freund's adjuvant containing 200 pg
of Vpr protein, synthesized according to the sequence of
HIV-1 strain LA and kindly provided by H. Gras-Masse (13).
Boaster doses of 200 pg of Vpr in mcomplete Freund's
adjuvant were given at 3, 6, 9. and I8 weeks after the initial
inoculation. A New Zealand White rabbit was inoculated with
complete Freund's adjuvant containing 100 g of recombinant
p24 protein (provided by American Biotechnology through the
NIH AIDS Rescarch and Reference Reagent Program). and
100-pg booster doses were given 2 and 4 weeks later.

Virus infection. HIV-1 virus stocks were generated by
transfection of 6% confluent 10-cm-diameter COS-7 plates
with 10 pg of recombinant proviral clone NLHXADA(GG)
(41) and 2 pg of pCV1 (tat expression vector [1]) by the
calcium phosphate precipitation method, followed § b later by
104 dimethyl sutfoxide shock for 2 min. The cells were washed
twice with phosphate-buffered saline (PBS) before refeeding
with 10 mi of fresh medium. Culture supernatants were
harvested after 48 b and filtered (8.2-pm-pore-size Millipore
filter). Five milliliters of culture supernatant was used o infect
S % 107 PBMCs. Virus replication was monitored by determi-
nation of reverse transcriptase activity (30). PBMCs (107) were
labeled for 20 h in 2 ml of leucine-free RPMI 1640 medium
containing 200 wCi of [4.5-"H]lcucine and fractionated as
desceribed below. Mock-infected cultures were exposed to 3 ml
of filtered culture supernatants trom untransfected COS-7
cells.

Transfection and radiotabeling ef COS-7 cells. COS-7 ccells
were grown to 604 confluence on 10-cm-diameter culture
dhishes and transtected with 15 po ot pSR-VPRs o pSR-VPRG
by hpoteciion as recommended by GIBCO. Brictlv, 13 51 ol
Lipotectin (GIBCO) was mewed with 3 ml of Opti-MEM |
reduced-serum medium (GIBCO). and then 15 pg of DNA
was added. The mnture was alfowed to incubate it room
temperature for 10 min before addition of the cells, Fortv-cight
hours after transfection, the colls were labeled with 4 ml of
feucine-free DMEM containing 100 pCiof [4.5- " Hjlcuane per
ml for 40 h.

Infection-transfection protocol for the vaccinia virus expres-
sion system. BSCHO cells were grown to 907 cantluence on
Icme-diometer platess mtected tor 1 oh at 37 Cowith 1] 723
(120 26) ata muluplicity ot itection of 10 and transtected with
PN vectors by the ipofectin ranstection method. Four hours
atter transtection. the cells were Libeted wor 20 hwith 5l ol
feucine-tree DMENT comtaining 0 pCrot [45 Hicucne per
iy

Subcethubar fractionation. T abeled colls were tractonaned
into membrane, o tosolic, postanclear. and noclear fractons as
previoush deserntbed (230 with minor modihications. Nucler
were further fractionated mito nucleaplasn chromatm extract,
andd nueleinr matiy as deseribed by Staadenbiel and Deppert
(37). Cells were washed with ice-cold PBS and scraped in PBS.
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The cell pellet volume was measured and resuspended in 10
volumes of Dounce bufler (1) mM Tris-HCE [pH 7.5), 1.5 mM
MpCl,. 10 mM KCL 0.2 mM phenvimethyvlsulfonyl fluoride
(PMSEL 0.5 mM dithiothreitol), The cells were allowed to
swell onice for 10 mun before disruption with 20 10 25 strokes
of a Dounce homogenizer. A small aliquot was saved and
mixed with an cqual volume of 0.4 (wtavol) trypan blue in
PBS to examine cell disruption under phase microscopy.
Dounce homogenization was continued until >99 cells were
disrupted. The homogenate was centrifuged at 1500 rpm for
10 min in a Beckman GS-0 rotor to generate the supernatant
containing both the membrane and cvtosolic tractions and the
nuclear pellet.

The nuclear pellet was subsequently extracted by four steps.
First, the nuclear pellct wis resuspended in buffer A (10 mM
N-2-hvdroxvethyipiperazine-N’-2-cthanesulfonic acid [HEPES-
KOH: pH 7.4]. 0.25 M sucrose. 0.2 mM PMSE. 0.5 mM
dithiothreitol) supplemented with 0.1 ¢ (volvol) Triton X-100
and then incubated for 15 min onice. The nuclet were pelleted
at 1500 rpm for 10 min, and the supernatant was designated
the postnuclear wash fraction. Sccond. the pellet was resus-
pended in buffer A supplemented with (L57¢ Nonidet P-40 and
incubated for 30 min on ice. The nuclei were pelleted again at
1.500 rpm for 10 min. and the supernatant was designated the
nuclcoplasmic fraction. The latter procedure was repeated
twice, and the supernatants were pooled. Third, the Nonidet
P-d0-extracted nuclear peliet was subjected to DNase T diges-
tion (17 {volvol] Triton X-100. 1.5 mM MeCl.. 0.2 mM
PMSI. and 50 pg of DNase I {Sigma} per ml in PBS) for 15
min at 37°C. Then an equal volume of 4 M NaCl was added.
and incubation was continued for 30 min at 4°C. The sample
was then subjected to centrifugation at 2.500 rpm for 10 min.
The supernatant was designated the chromatin extract. and the
pellet was resuspended in radioimmunoprecipitation assay
(RIPA) bufter (177 [volivol] Triton X-100. 057 [wivol]
deoxycholate. 0.1% [wivol] sodium dodeeyl sulfate [SDS]. and
0.2 M PMSF in PBS) for 30 min on ice. The insoluble portion
was removed by centrifugation at 1.000 rpm tor 15 man. The
supernatant was designated the nuclear marrix. The purity of
the nuclet was esamined by using o control evtosolic protein,
B-galactosidase. expressed in the same cells by transtection of
a CDNA expression clone. Maore than 98 of the B-eadactost-
dase actvity wans found i the avtosoll as measured by enoy
mahe assave Onlv 147 of the pBegalactosidine activity was
detected i the postnuciear wash fraction. No o detectabic
activity was tound in the purificd naclen

For the membrane and cvtosolic tractions. the salt concen-
tration was adjusted 1o 015 M NaCland then the preparations
were fractionated by altracentritugation ar 100,000
min. The supernatant was designated the avtosolie fraction.
The pelletwas washed with TN NGCHn PBS for 30 min onee.
amd uhtracentnitugation was repeated. The supernatant was
designated the membrane wash fraction. and the membrane
pallet was resuspended m RIPA bufter.

Immunoprecipitation. Fgunadent propormons coolume vols
ume) of cach of the sabeellnbar Tractons were preapitated
overmght with 1o tichloroacenc aord ar 3¢ The resaltinge
poliets were washed i 707 cthanoll solabiled me sampic
buller (123N Tris HOTpH 08207 elhveeral 1000 [volvol]
Dmcreapiovthanel, ool SIS A ahiquot was tiken
o ~amtilanon cotuntme 1o detcrmmme relaine Labeled protem

v lor 30

capie il

Fgunadent proportions (volume volumer ot cach ol the
subecHular frachions were adpusted 1o 500 ot REIPA buattes
Tmmunopreaprtation was performed by the addition to ol
ol cach fraction > pl ol ante Vpranbscerum o > pl ot ann Gae
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antiserum. Incubation was continued overnight at 4°C. Twenty
microliters of protein A-Sepharose beads (50% [voljvol] in
PBS) was added. and the mixture was incubated for 120 min at
4°C. Immunoprecipitates were collected at 500 X g for 3 min
at room temperature and washed three times with RIPA
buffer. The beads were resuspended in 30 pl of sample bufier.
Samples were treated at 100°C tor 10 min before SDS-124
polvacrylamide gel electrophoresis (PAGE). fixation for 30
min in 259 isopropanol-10% acetic acid. treatment with
Amplify (Amersham), and autoradiography were performed.
Band intensities were determined by densitometry.

Immunoftuorescence. BSCA0 cells (107) were plated on
cight-well Lab-Tek chamber slides overnight. The cells were
infected with vTEF7-3 and transtected as described above. The
cells were fixed with 2.5 (wt/vol) glutaraldehyde for 15 min
and permeabilized with (L29 (volivol) Triton X-100 for 6 min
at room temperiture. The cetls were then blocked for nonspe-
cific binding of immunoglobutin by incubation for 30 min with
PBS containing 57 (wivol) nonfat drv milk and 0.1 (volivol)
Tween 200 Shides were then incubated with rabbit anti-Vpr
antibody (110040 Tween batfer [PBS with 00597 Tween 20 and
194 bovine serum albumin}) and mouse monoclonal antihis-
tone antibody (1:500 in Tween buffer: Chemicon) for 1 h at
room temperature. The eells were washed several times with
0.37¢ (volivol) Triton X-100 in PBS and incvbated at 3°C for o0
min with Huorescein isothioevanate (FITC)-conjugated goat
anti-rabbit immunoglobulin G to detect Vpr and rhodamine-
conjugated goat anti-mouse immunoglobulin G to detecet his-
tones. The slides were washed extensively with PBS and
mounted i1 Aqua mount solution (Lerner Lab) containing
2.5% [A-diazobicyclo-{2.2.2]-octane (Sigma) to prevent pho-
tobleaching of the FITC signal. Slide preparations were exam-
incd on a4 Nikon fluorescence microscope equipped  with
appropriate filters and a microflex UFX camera system. Pho-
tographs were prepared by using Koduk T-MAX film. push
processed to ASA 3200,

Sucrose gradients. BSC40 celfs were infected. transfected,
and labeled with | 'H[lcucine as desceribed above. Cellular
debris was removed from the conditioned medium by centril-
ugaton at 2300 rpot for 15 aun i a Beckman GS-6 rotor,
Particles were coneentrated by sedimentation through a 207,
sucrose cushiion prepared in PBS at 28.000 rpm for 90 min at
4.C man SW2INT rotor. Particles were resuspended in 200 pl
ol PBS. Lnvered ona linear 20 10 607, sucrose gradient i PBYS,
and centrituged man SW2S0 rotor at 20,000 rpm for 16 ha
4O Fractions were collected trom the top of the tube.

RESULTS

Locatization of Vpr in HIV-L-infected PBMCs. To examne
the mitracellutar Tocalization of Vpr. PBMCS 4 natural targey
cett popubaion. were chosen tor FHV-Dintecton, HHN -1 siram
NEHNADAGG) was chosen sinee 1t encodes o tunctionad
Yt-amimao-acid form of Vproadentical in ammo acid sequencee 1o
that encoded by NTA3 (27029012 Nine davs atier milection,
the colls were dabeled tor 2000 with [ HHIcucie. vsed In
Dounce homogenization, and then tractionated mto nuckear,
Avtosobics and membrane Tractions by ditlerential contertues-
ton bach traction was immunopreapitated with o polvctonal
rabbit ante NV pr anoserum and subjecred 1o SDS-PAGE (e,
LN Vpespeatic protem of T RDa was detected me NTHN
ADACGG - ntected ool and conditioned mednum but ot i
mock-infected caltures, This protem was not immunopeecips
tated with o contol antisernm obiained trom the preblecd
serum ol the same rabbit poor to mocalation waith the svnthetig

J. Vikot,

Mock
M S

HIV-1
MS NC

N C

0 -

21,8 —

FIG. 1 Focalizaton i PBMCs of Vpr expressed trom infections
viras, PBMCs were infected for 9 davs with THV-T straan NLTIX
ADA(GGY or were mock infected. The cells were tabeled with
[ 'Hlicucine. the medivm was harvested (8). and the eells were
tracionated into nuclear (N ovtosolic (C). and membrane (M)
tractions as deseribed in Materiads and Mcthods, Equivalent portions
ot cach fraction were immunoprecipitated with the anti-Vpr antserum
and analyzed by SDS-PAGE. Moleculur mass markers are shown
the eft m Kifodaftons,

Vpr o used for production of the anti-Vpr antiscrum (not
shown).

The majority of Vpr was found in the culture supernatant,
consistent with previous reports that Vpr is virion associated
(6. 45). IntraccHular Vpr was found in both nuctear (209¢) and
membrane (2007 ) tractions. Vprin the nuclear fraction was not
duc to contamination with unbroken cells. which made up
<19 of the total cell population used in the fractionation
experiments, Less than 477 of the Vpr was found in the
evtosolic fraction. Approximately 307 of the lubeled Vpr was
found in the conditioned medium.

Expression and localization of Vpr in mammalian cells. To
study the eellular localization of Vpr without the effect of other
HIV-1 components, the NLHXADA(GG) vpr gene was cloned
into - a simian virus 40 (SV40)-based vector system. pSRalpha,
in hoth the correct (pSR-VPRs) and incorrect or antisense
(PSR-VPRa) orientations (Fig. 2A). The expression plasmid
contains both the SV40 carlv enhancer (SV40-oriy and a
human T-cell leukemia virus type THTLV-T) promoter with R
and US clements of the HTLV-T long termimal repeat. This
cypression plasmsd has previously been reported to achieve
high levels of expression of o number ot different lvmphokine
CDNAS i o varety ol eell npes (38) and to facihitate the
axpression of HIV-Zepvin COS-1 celis (21).

PSR-VEPRS and pSR-VPRG were transfected mto COS-7
cellscand the eolis were labeled with | Hjleucine and separated
mito-membiane, membrane wash. avtosobe. and nuclear hace-
vons, Membranes looselv associated with nuclerwere removed
Py wash with 001 Fnton N-T00 and were desienated the
postnuclear wash. Soluble nucleoplismic proteis were oy
tracted with two successine washios i 0030 Nonder 140,
which permeabihizes the nuclear membrane 23 This methed
has previoushe been demonstrated to presernve overadl nuclen
and nuckeoln arclitecture (330 The chiomanm fraction was
obiiined by dieestion of the resultant isoluble nuclear trac
non with DYNase T and by subseqguent wash i o hieh salt
hutier, Plus traction contaaned adl ot the nugor histone proteins
found moantact nuclor (not shownys The salte and detereent
msaduble traction was pelicted toovickd the nocleat manniy
fravhons which was solubahized m RIPA buter,

The paotition of Vpr duanmge fractionation swas examined by
immunoprecipitation sath the ant-Vpe antibody s SPOS-PAGH
and densitometie quanttation (hies 2By The chronatm tra
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FIG. 20 Localization in COS-7 cells of Vpr expressed from pSR.
(A) Vprosense (pSR-VPRS) and antisense (pSR-VPRa) expression
plasnuids, which include o transeriptional eahancer (SVI0-on). a
transeriptional promoter (HTLV-1 fong terminal repeat [R/US)H. and
a pohvadenylation insertion sequence (polvA-ins). (B) Subcellular
tractionation of Vpr expressed in transfected and [PHleucine-labeled
COS-7 celis from pSV-VPRs (S) and pSR-VPRa (A) in postnuciear
wash (PNW), nuclcoplasm (NUCLPL). chromatin (CHR). nuclear
mattin (MAT) evtosol (CYT). membrane wash (MW), and mem-
branes (MLEM). Equivalent amounts of cach fraction were immuno-
precipitated with the anti-Vpr antiscrum and analvzed by SDS-PAGE.
The clectrophoretic position of Vpr s shown by an arrow at the right.

tion included 177 of the intracellular labeled proteins and
44 of the total Vpr. The nuclear matrix included 197 of the
intracellular labeled proteins and 56% of the total Vpr. Less
than 197 of the total Vpr was found in the other cellular
fractions,

Truncation of the C terminus of Vpr impairs nuclear
loeatization. Most nuclear localization signals consist of a short
streteh of positively charged amino acids (15). Interestingly.
the Cterminus of Vpr contains a high proportion of positively
charged amino acids, including 7 arginine residues among the
C-termmal 20 amino acids (Figo 3A). To characterize the 1ole
of this C-ternimal sequence. a4 Vaccinia Virts expression system
was wsed 1o achieve high-level and rapid expression ot Vpr.
The NEHXADA(GG) v gene was cloned into pTMAD a
plasond utilizing a T7 promoter for heterologous gene expres-
sion. This plasmid was designated pTM-VPRO A carboxyl-
terminal truncation mutant ol pTM-VPR. pTM-CRST. was
constructed by frameshitt mutation at the Safl site. A recom-
brant vaceinia virus, VIET-30which encodes 17 RNA poly-
merase was used for expression in mamntalian celis,

BSCA0cells were mtected with s TET-5 and transtected waith
PINMAPR or pEM-CRST. Cells were Tabeled with | Hjlen
cine. el supernatants were hanvestedand disrupted eells were
fractionated into membrane, membrane wash, eviosolie. and
postitclcar wash Tractions and varioos nuclear tractions (nu-
cleopbasmic protems: chromatin. and nuclear matr, Bqunae-
fent amounts of cach traction were mmunoprecipitated with
the anti-Vproantiserum and anaivzed by SDS-PAGE (fhe 3B,
and band mtensities wore quantitaded by faser densnometiy
(hie. 3C) The predommant N proproduct expressed trom
PINEVPR had an clectrophorctic mobiiy of o FERDS pro
tein. with o mumor band with o mohiliy of o F3-KDa pratem,
Vproeapressed lrom pINCRST clectrophoresed as o T2 KD
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protein, consistent with the removal of 17 amino acids from the
carboxyl terminus.

Eighty-four pereent of pTM-VPR-expressed Vpr was found
in nuclear fractions. primarily the nuclear matrix and chroma-
tin fractions (Fig. 3B {left] and C). This result is in agreement
with the fractionation data with pSR-VPR-expressed Vpr (Fig.
2). Eight pereent of pTM-VPR-expressed Vpr was tightly
assoctated with the membrane fraction (Fig. 38 and C. MEM).
The possible discrepancey in the amount of membrane associ-
ation of Vpr expressed with the vaccinia virus expression
system compared with the data obtained with pSR-VPR (Fig.
2) may be refated to the significantly higher fevel of expression
of Vpr with the vaccinia virus expression system than with the
SV40 plasmid expression systen, Only 3¢ of Vpr was found in
the cytosol (Fig. 3B and C, CYT). and no detectable Vpr was
released from cells into the cell supernatant.

Deletion of the arginine-rich C terminus of Vpr resulted in
a dramatic shift of Vpr cellular localization (Fig. 3B [right] and
C). Only 257 of the truncated Vpr was retained in the nuclear
fraction. Furthermore. the distribution in nuclear fractions of
pTM-CRST product was distinetly ditferent from that of
pTM-VPR. with the majority of the truncated protein in the
nucleoplusm. Twenty-four percent of the pTM-CRST protemn

as in the postnuckear wash, compared with 3¢ of the
pIM-VPR product. Thirty-cight pereent of the mutant Vpr
was found in the evtosol. compared with 4% of the parental
Vpr. Similar amounts of pTM-CRST and pTM-VPR products
were bound to membranes.

Indirect immunofluorescence localization of Vpr. Subccellu-
lar fractionation experiments indicated predominant localiza-
tion of Vpr in the nucleus. To confirm these results, indirect
immunofluorescence was performed with fixed cells. BSCat
cells were infected with vTF7-3 and then transfected with
pTM-VPR or pIM. Vpr was detected by anti-Vpr rabbit
antibody and visualized with FITC-conjugated anti-rabbit an-
tibedy. Intense immunofluor:scence was observed in the ma-
jority of cells transfected with pTM-VPR (Fig. 4A_ left). but no
fluorescence was observed in cells transfected with the vector
pTM alone (Fig. 4A, right) or if preimmune scrum was used
(not shown).

Four types of staming patterns were observed in four
independent experiments in which 30 cells were rundomily
selected and enumerated. Sixty-two pereent of the cells showed
a diffuse nuclear and tocal perinuclear stmmmg pattern (Fig.
AB. middic). The nucleus s visuatized by phase-contrast mi-
croscopy (Fig. 4B. et and mouse antihistone and rhodantine-
conpugated anti-mouse antibody (g, 4B nght). Twentv-seven
percent of the cells showed focal perinuclear staining ondy. Six
percent ot the cells bhad diffuse perinuctear stainimg with
mtense mmunotivorescence surronnding the nucleus. Four
percent of the cells showed onhy diffuse nuctear staiming.

Infiuence of Gag protein on Vpr export and virion incorpo-
ration. Tn HIV-T-indected cellso Vpr was tound to be exported
into the mediumom viras particles (g 1) (60450 though no
export was found when Vprowas exproessed e the absence of
other virion components (g 30 To assess the requirements
for export. Vprowas coevpressed with the HIV-E Gag pss
precursor protam byousing plasnud pENMNEGAGE BSCH) cells
were infected with VTR7Z-3 and tanstected wath pIAMAAVPR
lone, p INLEGAG afonce. or bath plasids Noditferences were
noted i the electiophotence mobihite o quantity of the 14-KDa
product e the coll vsates wath pIENEN PR expressed e the
prosence o absence of pPIA-GAG (Trgs SACTett), The p M
GAG product was promarhyv a0 SS KD protem. with smalbler
amounts of 12 and E-RDa productss The Latter protems were
found to be G protems, since they did not react with a
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SUBCELLULAR FRACTIONS

G

Schematic drawing of the Vpr protein. indicating the carbossi-terminal ar

Lo Sabeellular distribution of vaceinia virus-expressed pavental Vprand carbosyd-termmal truncition mutant CRNT i BSCI0 cefis (A)
ainime-rich sequence of the wild tvpe (W) and of the truncation mutant.

CRSTABY Vpr exprossed from pEMI inVEE7-3anfected cells, Cells were labeled with [ Hleucine and trctionated into postnuchear wash 1 PNW).

micleeplasm (NUCT P, chromatin (CHRY. nuclent matris (M AT ovtosol (CYT)., membrane wash (MW membrancs (N M),

and coltular

supernatant (SUP). Molecubar mass marhers are shown at the felt m kitodaltons (C) Proportion of VPR in cach subceltuban trachion as determmed
Py aser densitometes from pIMAVEPR (solid binsy- on PINLORST (hanched bars)-tianstected cells

prommmune serume or the anu-Vpr antibody (not shown),
These smaller proteins may represent nonspecitic cleavage
productss products from mitiation ot o downstream ALUG
codon. or premature transhtionad termination. No effects on
Crite protem expression were noted with coexpression of % pr.

Fapression of pTM-VEPR afone did not result Cxport in
the celbsupernatant (Fig: SAC vight), Expression of pTN-GAG
resufted i the 33-KDa product i the cell supernatan. Cogy-
prossion of p MGG with pEIMEVER promoted the esport
ol Vproamto thie cefl supernatant.

Fovdetermme whether the vl proteins released into the
cell supernatint were associted with particles, sucrose eridi
cntoanalvsis was pettormaed (Ties o) Partictes were fist con

centrated rom the cell sapernatant ssanples iy centrtugation
though o 2070 sucrose enshion. The resultant patticulate
materal wis resuspended and analvzed on o incn 20010 007
suvrose gradient. fach fraction was concentated with 107,
tichloroacetic aad and analvzed by SDS-PAGLH . No particke-
associted protem found trom celis transtected  with
PEINAVPR Glonge thig 6A). Baprossion of PIM-GAG alone
resubted i parncle-assoctated Gag protein bandime in friactons
Hhand Tt aodensiv ol Lot 1T eomib (Fie oB), Eapression
o pEM GAG together with pIMN-VPR resulted i cosedimen
tation ot hoth Ve and Gageom fiactions FLand 12001 0 densan
ob Lo to 117 aml (hie 00

Mpepackazing was dlo assessed with g cdene eypressing

Was
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A) anti-VPR

anti-VPR

HIV-T Npr LOCALIZATION IN CELLS AND VIRIONS 6347

pTM

anti-Histones

FI1G. 4. Immunofiuorescence localization of Vprin BSCH0 cells. (A) pTM-VPR (left)- or pTM (right)-transtected vTH7-3 infected cells were
incubated with the anti-Vpr antiseruom and an FITC-conjugated goat anti-rabbit immunogiobulin. Magnilication. x 188, (B) Higher magnification
(> 7523 by phasc-contrast microscopy (left) and fluorescence microscopy (middle and right) of a representative cell incubated with ant-Vpr
antiserum and FITC-conjugated goat anti-rabbit immunoglobulin (middle: filter with excitation range of 43010 490 nm and emission range of 320
to 300 nm) and antthistone antiserum and rhodamine-conjugated goat anti-mouse immunoglobulin (right: filter with excitation range of 310 10 360
nm and emission range of >390 nm). Diffuse nuclear (thin arrow) and focal perinuclear staiming (thick arrow ) are indicated in the middle pancl.

truncated form of the Gag precursor protein, pTM-GAGi(pd 1),
in which all of the amino acids following the first Cys-His box
of NC as well as the C-terminal p6 coding sequence were
removed. This construct has been shown to produce virus-like
particles in the vaccinia virus infection-translection system in a
manner similar to that of pTM-GAG (not shown). When
coeapressed with pTM-VPR. pd1 appeared in the supernatamt
but did not result in the export of Vpr from the cells (Fig. 3B).
The tailure to deteet Vprin the cell supernatant was due to the
absence of Vpr esport rather than to the lower quantity of p41
Grag particles produced. since no Vproswas detected. even atier
overeaposure of the autoradiogram shown in Figo 5B In
contrust. i the same eyperiment. production of p33 from
PINM-GAG resulted mostgnificant export of Vpr.

DISCUSSION

Localization of Vpr in the nuctens. Tnthis studve we used
three different expression sustems o provide evidence tor the
locatization of wstgnificant proportion of Vpran the nucleos, as
demonstrated by subecHular fractionation techmgues. To HIN -
F-itected PBMOS 207 of the exprossed Vprsas tound m i
nuctens (Figo T I contrastoswhen Vpr wis eapressed an the
absence ot other viral components by using an SV eypression
plasmud, almost adl ot the protem was found in the naacus
(B 20 Similar results were obtained with the vaccinma vines
caprossion svstent m which cise 8490 of the Viprwas tound in
the nucteus (Fies 3 Resalts of the indirect immumotiuones-
cetice experiments support the results obtamed by usmy sub-
celular tractionatton techmgues. mdicating nuclear stamng m
06 of Vpreexprossimye eyt e Resalts)

Further fractionation of the solated nucler provedes addi-
tonal evidence tor Vpr localization m the nucleus rather than

in membrances loosely associated with the nuclear membranes.
These experiments identified the predominant association of
Vpr with the chromatin and nuclear matrix fractions (Fig, 2
and 3). The association of Vpr with the nuclear matrix is
unlikely to be spurious. since 1t is resistant to Nonidet P-30,
DNase. and high-salt extraction procedures. Although the role
of the nuclear matrix i transeriptionad regulation is unclear.
several studies have mdicated that ot may play an mportant
role. The nuclear matrix has been reported o have a role in
MRNA trunseription and processing viie its imobement i
attachment and or association with newlv transeribed mRNA
(20). ribonucleoprotein particles (T, and pre-mRNA splicing
machinery (30, 460). Several gene products, charactertzed o
their ability o promote oncogenic transtormation. are ko
associated with the nuclewr matnix, These mclude the Targe 1
antigen of polvomavirus (4 mve gene products (D0 the
adenovirus LA protem (1) and the Tax protein of HTEN -
(43). The presence of Vproin the nuctear matric nueht mdicate
A role e actvation of vl gene eaprossion o RNA
processing. s s consistent swath a report by Cohien and
colteagues suogested that Vpr may serve as o activaton of
FHIN-F eoene expression as well as o pos activator of other
venes (7) However, the mechanism of s cftect and s
relevancee 1o Vproaction doong siras rephcation renuinm un-
ears Abtematn el Vproassocianion wath the nuckear maten
many attect host cell vene exprossion Fhis view s consstent
with worecent report that N prondaces misele et difterentia
tion (24)

Fhough Vprlacks o classical naclea focahization sienad (13),
the carbonvd termimal portion of the protem s nch i basic
anine acidss N trancation muatation which removes the carboy
siternumal 19 amino acids was found o mpan VY pr o docalion
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FIG. 5. Influence of Gag expression on Vpr localization. (A) BSCH0 cells (107) were grown on ot-mm-cdiameter plates overmght and then
infected with VTE7-3 and transtected with 7.5 pe of pTM-VPR (VPRy andior 7.5 pg of pTM-GAG (GAG). The acgative cantrol cells were

transfected with 15 pg of pI™™ vector. The celis were fabeled with 100

pCrot PHJlcucine per mi for 16 heseraped i PBS. and resuspended in

RIPA butier. The cell tvsates and cell supernatant fractions were immunoprecipiated with both the ant-Vpr and anti-Gag antisera and anabvzed

by SDS-PAGLE. The electropharctic positions of Gag and Vprare shown anthe 1enn (83) BSCHY eells (6.3

1Y) on 35-mm-diameter plates were

intected and transfected with 2 g of pTM-VPR and 00408001 16 pg of pIM-GAGEP3S)Y or pEM-GAGEpI D). as mdicated at the top. The celis

were fabeled and analvzed as deseribed above.

-

tion in the nucleus (g 3. Furthermore, the distribution of
the smadl proportion o truncated Vpr foand i the nucleous was
distinethy diferent trom that of full-deneth Vpr, with the
truncated Vpr locatized predominantly in the nucleoplasm and
very hitthe Vpeom the nucdear matris or chiromatin fractions, fi
15 possibie that trancaton ol the carbosvl-terminal pornon of
Vpralters the conformanen ol the molecule, Alternativedy s
possible that the carbosy-termunal argimime-rich sequence
senves as b feast pat of o nuelear localizanon signal, This view
isosupported by o pretimmany obsersations that attachment
of the Carcrmnal 19 ammo-acid Vpr sequenee onto B-valic-
tosidase direet thas protemn o the nncleus (not shown ),
Previous studies wath vmpliond eells had indicated anom
portant funcional rode foy the Cacrmmal Vpe sequenee (29
Therctore. these idimes are consistent with an gniporiant 1ok
for N pr docalization e the nocdens tor HIN - repheation,
Membrane-associated Vpr. Thouch vere bitle v pr could be
identitiod mothe corosal o smadl propartion was consistenthy
assoctated waith the membrane fraction This obsenvation s o
sacement o with findimes of Saroaard colleagues 540 In
TUN antected PBNOS 707 o N prwoas tound s the men
hrane fracnon thies Dywhereas with the vacama v enpros

ston fornn ot tie protenn S0 was foend mothe menibrane thae
W and Oy The mdicct mmmunotluorescemoe oxpetimicnis abso
st todd than NP tond ot evtanekens bt

closely associated with the nucleus (Figs 4 see Resultsy The
fatter site nun epresent mteacellatar membrancs, possibhy
with cither the endoplasmic retuculum o Goler appaiatus,
Flowever o Goler location for Vpris unlthelv sinee breteldim A
treatment dud not change Vpr localization (not shownr The
natate and semiticanee ot membrane ocalizanon ot VPR
requine farther analvas,

VPR export from cells and incorporation into virus parti-
cles. Several provious studies hinve demonserated that THN -
and STV evpressed Vproas meorporated imto s pariicios th,
s Thes tindimg som agreement swath onr obscnvanngs tha
S ot Vpp evprossed s THN S Dantected PENMO < s exporeed
trom the colls thies T v pr evpiession i the abscace o otha
virdd componcnts resultcd imonodetectoble eapos dbe S o
S Howescr coesprossionawarh the G pas proctiser oo
resudted e esport of VPR Brom the tanstecrea cotls rbie oy
Phos Vo
e poration deboovnns parbckes s imdependens o v o
fhis Bindine sueeests that A

with the

atdh meorporanion o spos-hke parncles (F oo

p
LCrae

NESYENENETGRN

lope meorporation

direary or ndiecth A periton o Prociitn

proter Phe tmdimye ihan the pd b trancanon foir o Goes s
viable topackire N pr saeeests the posabiiiy o snstecion
Botweon aither the ponocleocapsid protem ar the piohe Sonch
prepeotom annd N

Nl the i anee ol NPT e orpaiahien e e
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FIGo 6. Sucrose gradient analysis ol particles released from BSC30
cell transtected with pTMEVPR (A pTM-GAG (B pTM-VPR and
PEM-GAG Oy Fractioeswere presipetated with 107 (wtvoly trichlo-
rodcetic acrd and anabized 1y SDSPAGE. Fraction 1 s from the
borram and tracoon 16 trom the top of cach gradicnt. Molecutar nuss
markers are shonn at the et m hiodaons

v unclear. nos kel that tos proten plins an miportant rofe
feearlv events i the viraes lte av e Tos tempung to specudate
that the nucicar focalization doman ot Vpr allows tarzeting ot
the vital promiceration comples tothe nudteas, Further studies
on thas meportant reculatony protom will be requiared to tully
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Human Immunodeficiency Virus Type ! Nef Protein Down-Regulates
Transcription Factors NF-kB and AP-1 in Human T Cells
In Vitro after T-Cell Receptor Stimulation
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Human immunodeficiency virus type 1 (HIV-1) negative factor (Nef) has been shown to down-regulate the
transcription factors NF-kB and AP-1 in vitro. To define the mechanism of action of the Nef protein, the signal
transduction pathways which may be affected in T cells by constitutive expression of the nef gene were
examined. Stimulation of T cells with tumor necrosis factor, intertfeukin-1, or lipopolysaccharide resulted in the
recruitment of transcriptional factors to a similar level whether or not the cells expressed the nef gene. On the
other hand, stimulation of T celis by mitogens or antibodies to the T-cell receptor (TCRJ-CD3 complex resulted
in the down-regulation of transcriptional factors NF-xB and AP-1 in cells expressing the nef gene compared
with cells not expressing the nef gene. Because the Nef protein does not affect the surface expression of the
CD3-TCR complex, we conclude that the Nef protein down-regulates the transcriptional factors NF-kB and
AP-1 in T cells in vitro through an effect on the TCR-dependent signal transduction pathway.

Human immunodeficicney virus type 1 (HIV-1) negative
factor (Ncef) is dispensable for virus replication in viiro (10, 44)
but is essential for the pathogenicity of the closely related
simian immunodeficiency virus (6. 22). We have previously
reported that HIV-1 and simian immunodeficiency virus Nef
proteins affect virus replication in vitro (33, 34) and that this
effect is refated to down-regufation of transcriptional factors
NF-xB and AP-1 (3t 31). These transeriptional factors nor-
mally reguliate the expression of genes involved in T-cell
activation and proliferation {16). The HIV-1 promoter pos-
sesses multiple binding sites for both NF-kB and AP-1 which
allow the virus to subvert the normal activity of these factors to
enhance s own replication (29).

The mechanism by which HIV-1 Net protein affects signal
transduction i unknown. Although HIV-1 Net protein also
down-regalates the cell surface expression of €D (13), the
mechamsm tor this cffeet is also unknown. However, this
function requires the evtophsmic domain of CD4(12) Be-
cause Notoprotein localizes preterentally i the evtoplasm,
membranes, and atoskeleton (110 32)0 its cffects on nuclean
tactors must be mediated by oa phivsical interaction or ensy:
matic rezolation of one or more fictors imobved mosignal
transduction

Several pathwans of sienal transduction s activation ol ]
colls hove been deseribed. Antigenie stimalation ot the 1-cell
recoptor CTCRY CDRCD- compley results i translovation of
NE el mto the nodens The mechanism ot Nw B activation
p boeells s ot completely anderstood. but ar nuns mvodue
dissocation of NEow B trom T el as acresade ol phosphondanon
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wav(s) affected in T cells by constitutive expression of the nef
gene. We found that stimulation of these cells through path-
wavs originating from the TNF or HL-1 receptors is not affected
by Net protein, whereas stimulation of these cells through the
TCR-CD3-CD4  complex resulted in down-regulation  of
NF-kB and AP-1 in the presence of Net protein compared with
the parental cell hne not expressing the nef gene.

MATERIALS AND METHODS

Cell lines and nuclear extract preparation. The cell lines
used included Jurkat ¢(J23) human T-cell clone 133, which
stablhv expresses the Net protein derived from the HIV-|
isolate NL-43. and its parental counterpart. clone 22100 which
does notexpress Nef proteimn (26). Contirmation ot Net proten
production was performed by immunoprecipitation with rabbit
anti-Net serum and Western blot gimmunobioty analssis as
reported previoush (30) Cells were maintamed o the Toga-
rithsne growth phase i RPMI 140 mediom supplemented
with 107, tetal cadt ~serume 2 mM c-glutanine. o0 U of
pomcithing per mbcand 100 e of streptomyvarn per ml

Cells were sumutated wath different combinations ot >0 ta 7>
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FIG. 1. Effect of Nef protein on induction of transcriptional factors AP-1 and NF-kB in T cells stimulated with TNF. LPS. or PMA and PHA.
Gel shift analysis shows induction of transcriptional factors SP-1. NF-xB. and AP-1 in Jurkat T cells (22F6 is the parental cell line, and 133 is the
Nef protein-expressing hine). Cells were incubated for 4 h with saline ( - ), TNFEF. LPS. or PMA and PHA (P/P). Retarded DNA-protein complexes
are shown: free DNA complexes are not shown but were equivalent in cach lane. The experiments were performed three times with similar results.
The relative intensity of the bands was evaluated by faser densitometry,
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(Sigma), when used. was added to the cells 30 min prior to the
stimulants to a final concentration of 100 uM. Nuclear extracts
were prepared from 5 X 107 cells as previously described (30,
31) with the following modifications: after ammonium sulfate

precipitation, nuclear proteins were resuspended in 100 ul of

20 mM HEPES (N-2-hydroxycthylpiperazine-N'-2-cthanesul-
fonic acid {pH 7.9])-20 mM KCl-1 mM MgCl.-2 mM dithio-
threitol-179 glyeerol, with the addition of 10 mM sodium
fluoride, 0.1 mM sodium vanadate, and 50 mM B-glycerol-
phosphate. Binding reaction mixtures contained 2 pg of nu-
clear extract, 2 pg of poly(dl-dC) (Pharmacta. Milwaukee,
Wis.), 20,000 to 40,000 cpm of end-labeled oligonucleotide
probe and the cquivalent amount of labeled probe in cach
assay for a given experiment, with or without a 100-fold molar
excess of unlabeled oligonucleotide. in DNA binding buftei ai
a final volume of 30 to 40 pl. Reactions were performed at
30°C for 25 min.

Gel retardation assays. For the gef retardation assays, the
following double-strunded oligonucleotides were used: NIF-« B,
ACAAGGGACTTITCCGCTGGGACTTTCCAGGGA: SP-1.
CAGGGAGGCGTGGCCTGGGCGGGACTGGGGAG
TGGCGTCC: AP-I, CAGGGCCAGGAGTCAGATATCCA
TGACCTTTGGATGGTGCT; and USF. GCCGCTAGCA
TTTCATCACGTGGCCCGAGAGCTGC.

All DNA probes were gel purified and end labeled with
|¥-“PJATP. Gel retardation assays were performed as previ-
ously described (30) by using the radiolabeled probes, with
DNA-protein complexes being separated from the free DNA
probe by clectrophoresis through low-ionic-strength 4.5%.
polyacrylamide gels and run at 200 V with Tris-borate-EDTA
(3.7 g of Na EDTA, 54 g of Tris, and 27.5 g of boric acid per
liter). The intensity of indicated bands for DNA-protein com-
plexes was determined by laser densitometry scanning.

CAT assay. Chloramphenicol acctyltransferase (CAT) as-
says were performed as described previously (15) with samples
with the same protein concentration as determined by the
method of Bradford (Biorad. Hercules, Calif.). Transfections
were performed in parallel with previously described reporter
plasmids Rous sarcoma virus-CAT, HIV-1-CAT. and 1L-2-
CAT (1, 41) in both cell lines, and the results were normalized
to the values obtained in parallel from the noninducible Rous
sarcoma virus-CAT to control for transfection cfficiency. Re-
action products were analvzed by thin-laver chromatography
followed by autoradiography and liquid scintillation counting,
CAT activity was expressed as fold increases in the pereentage
of rudioactivity in the acctvlated torms compared with the sum
of that ot the acetvlated and unacetvlated torms,

RESULTS

Fo evatuate the ctects of Net protem on activation ol
transcrptionad Lictors through protein kinase Candependent
moechamsms. Jinkat cells carrving the sef cene (133) and the
parrentil cell ime (22F6) were stimulated wath either TN o
I PSS and the results were compared with those lriom stimukae
tron with PAMEA and PHA (Figs 1y A nominduaibie facior, SP-1
was used To control tor protein concentration and quality ot the
extracts (b TR ENT or TPS mduction of NE-wB e 1By
and AP T thig Ty was not aflected by the presence or absence
ol Natprotem m D35 and 2286 cellsorespectively s T contrast,
the fovel ol mducton o both tansenipiion tactors was de
Creaseds by ofabd mothe case of NE B oand by 1 told mothe
case of AP Lowhen the same colls were stamulated wath PMA
and PHEN

S resulis were obtamed when the compuarison was
made bonwecen the stimnbanon with TE D and that wirh PAYA oy
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FIG. 30 CAT assay showing the effect of Net protein on HEV and
1122 transeription. Jurkat T cclls (22F6 s the parental cell hine. and 133
is the Net protein-expressing cell line) were transfected with HIV-1-
long terminal repeat-CAT (A) and incubated for 4 h with recombinaan:
human -1 or TNIL Similar experiments with TH-2-CAT (B) were
performed with 22F6 and 133 cells. Cells were transtected four wmes
with cach plismid. a mean fokd induction was caleulited. and the
standard deviation of the mean was determined. The percentages of
acetvlation of HEV-T-CATwere 4.6 + 0.7 (L -Dyand 43 - 02 (TN
tor 22E6 cells and 3.9 06 (H-1yand 47+ 03 CINFa tor 133 cedis
The percentages of acetslation tor H-2CAT were 149 - v -1
and 17 - 07 NI for 22Eo cellsand 127 - 0o (J-hyand 129 -
(3 CENT g tor 133 celis,

PHA (Fig. 2). Noninduable transcription tactor USE was used
asaccontrol (b 2200 NEF B b 2By and AP ol 20)
activation by 1T Fwis notsignificanthy atfected by the presence
or absence of Nel pratem m 133 and 2216 celisorespeatneh
Stumulanon with PNEA or PHA vesulted mdownsreculatnn of
NE-wB by S-dold and AP by IS tald i the prosence of Nt
proten m this experiment,

Fo determine o anduction of NE B and AP L conrclared
with iranscriptional actvity, cells were tronsteciod swarh PINA
plasmids whieh use the HINV T bone rermimal repeat 1o dineat
eapression ot o heterologous eene product, CA T Celis were
stmvulated with INE or TE 1 obes 5y Nocdiftareonce 10 aceny

Lo between the cells axprossinye the eef vene 13 b the
parentad cell ines 22Ee was tound when both colb o were
stimvibated soth either TE D o INE (e 3Ny Becso Nl
proteri alsos bas been reparted to suppross the aedicon ol

CA L et dircared by 117 N plasmied o Tey iy 3R
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FIG. 4. Eficct of Nef protein on induction of transcriptional factors AP-1 and NF-«B in T cells stimulated with PMA and PHA in the presence
or absence of H-7. Gel shift analysis shows induction of transcriptional factors USF. NF-«B. and AP-1. Jurkat T cells (22F6 is the parental cell
line. and 133 is the Nef protein-expressing cell line) were incubated for 4 b with PHA and PMA (P'P) or sterile water ( = ). H-7 was added 30 min
prior to the incubation. Retarded DNA-protein complexes are shown: free DNA comiplexes are not shown but were equivalentn cach fane. The
experiments were performed three times with simifar resufts. The relative intensity ot the bands was evatuated by Liser densitometny.

with TNF or H.-1 (Fig. 3B). The results paralleled those
obtained with HIV-1-CAT. These data indicate that Nef
proweiis does not affect the induction of transcription factors by
the pathwav(s) of T-cell activation orieinating from the TNF or
IL-1 receptors,

To further evatuate the cffects of Net protein on signal
transduction after PMA or PHA stimulation. the cfiect of
addition of a protein kinase mhibitor, H-7. was examuined (g
4). The noninducible factor USE was used as a control (g,
1A PMA or PHA induction of NEF-xB (rig. 4B) was 10-fold
figher in the 22F6 cells than i the 133 cells. The use of H-T
resulted moa significant deercase in NE-«B oinduction in the
cells that did not express Net protein. Similarlv. PMA and
PHEA resulted i the mduction of AP-T (Fig 4Oy to o devel that
was 13 times higher in the cells not expressing Net proteimn than
in the cells expresang Nef protem. 11-7 blocked the mduction
of AP-Tin the 2286 celis Tn both cases: the addinion ot HE-7 o
the Net protem-expressing cells did not cause any turther
decrease e the already low Tevel ot expression of the respectine
transeription factors,

To turther ostablish that the clfects of Net proicin were
refared to stimutanion throush the TCR-C DA comples. both
Jurkat 2286 and 133 ccils woere stimulated by anti-CD S cross-
Iinking 1 the presence or absence of 7 e 5y Nonndues
ibie transenption factor UST was used s controb (Fre A0
Ni-e B mductuon fhes By m 220 cells was increased i etodd
Iy the addition of the antibodies to the TCR-CDY comples
Ihe f8 7 attenaated the amduction 1o vl
comparable to that achiesedan the 133 cells Agam. mducnon
was not further decreased by BT i the

prosciee of

P cells bocaus

levels were already fivetold lower for the cells stimulated with
anti-CD3 than for the Nef protein-expressing cells. When the
oligonucleotide for AP-1 was used (Fig. SC). similar resalts
were obtained. with differences of cightfold for the anti-CD3
antibodv stimutation of 22106 cells compared with the 133 cells

To corroborate that the effects on the regulation of the
transcription factors were correlated with transeriptional activ-
v CATT assass were pertormed (e 6)0 The pereentage ot
acetvlation was decrcased by sistold with the use of H-7n
22E6 cells stimubated with anti-CB3 for FHV-F-CAT (Bie. oA,
The difference between the pereentage of acetvlation in 2206
and 133 celis thies o8y i the absence of -7 was S35-fold when
cells were stimulated with anu-CD3A0 The results wath the
1L 2-CAT plasmid sath both 2286 (Fies oy and 133 (g o)
colls again paralleled those of the FIIN TN T plasmid. exeept
Tor the greater differences found between the Net protein
eaprossing cells and the parental cell hines. Furthermore. the
findimes with TH-2-CNT retlect previousiy deseribed Net pioe
2oapression (o) Fhe resulis
presenied above indicate that Net protem dowenereealates the
mducton of NEw B and APT by anteracting with one ot the
steps imvolved an Teeell activation trom the TCR ¢ s
comples.

tem ettects o endovenous 1

DISCUSSION

Fhe tuncnoo ot TV NGt protem remans uncle
Whoether the rosnits of the caponments i vitro corre bate wri®
AN VO Saon s T this pornts impossinde toesccttan Fh

onhy avabab'c il data o thie oxponments Wit s




Vor. 68, 1994 TCRSPECIHFIC BFFECTS OF HIV-D Net 247
ANWSF BINFRD (ST
< - <0y C03y €0y Y - €03 D) «¢p - DY (O3} c® €03 (D3 P oYLy e®
H? L34 H? "7 n7 LY
. sl
o . ] .
. . . N . o,
22¥¢ 133 2256 [B1]
%0 r 1 - 1y 1
1156 133 z » %
v @ =
L 2 o g
= w
@ w0 .2- t‘
H = > z»
v
z w W
= w
“ z = >
z° < %
h T} il PR
5 « «
n . N - 0
e Goy tpy - D (D - CDICDIcP - CD3 CD3 cP CD3 CO3 ¢cP - CO3 CDJ cP
H7 H? H7 HT

FIG. 5. Effect of Nef protein on induction of transeriptional factors AP-1 and NEF-«B in T cells stimulated with cross-linked antibody 1o CD3
(CD3j or soluble CD3 in the absence of immoebilized ant-mouse 128G (- ) Gel shift analysis shows induction of transeriptional tactors USE,
NE-«B.and AP-1. H-7 was added 30 min prior to the incubation. ¢P. cold probe. Retarded DNA-protein compleses are shown: free DNA
complexes are not shown but were cquivalent in each lane. The experiments were performed twice with similar results. The relative intensity of
the bands was evaluated by laser densitometry.

both NEF-kB (30) and AP-1 (31) after PMA and PHA sumu-
lation.

immunodceficiency virus may indicate the importance of the
gene for the pathogenicity of the virus (6. 22) in vivo. Differ-

ences in the results of the in vitro experiments among various
groups may be due to the use of different nef alleles (18, 43,
48), the conditions of the experiment (23). or the use of
peripheral blood lvmphocytes (7) versus stable cell lines. In our
in vitro system. Net protein has been shown to down-regulate

The current work aimed at clarifying the mechanism of
action of Nef protein by examining the pathways of signal
transduction aftected by this protein in T cells. Several signal-
ling pathways have been desceribed, although further clarifica-
tion is still required. Multiple stimuli. including 11.-1 (4. 9. 38),
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CD28 (46). CD45 (24), TNFE (25, 38, 39, 47), gamma interteron
(47). LPS (4), PMA and PHA (4. 25, 38). human T-ccll
lvmphotropic virus Tax protein (38), and the antigenic stimu-
lation of the TCR-CD3-CD4 complex, have been shown to
induce expression of cellular genes. including IL-2 and 11.-8
and surrogate HIV genes. The diverse mechanisms by which
this stimulation is achieved include direet stimulation of the
hydrolysis of inosttol phosphotipids by CD45 (24). activation of
protein Kinase C (as with PMA and PHA). and phosphoryla-
tion of 1-«B through breakdown of sphingomyelin products to
ceramide (as with 'TNF) (2. 27, 37, 42, 45). The current work
indicates that Nef protein affects the T-eell signal transduction
pathway originating from TCR-CD3 complex stimulation. Nef
protein has been shown to down-regulate CD4. but it does not
atfect the expression of CD3 (12) or TCR (data not shown) at
the cell surface. Therefore, Net protein probably affects one of
the downstream steps resulting from stimulation of the TCR-
CD3 complex. Whether this is due to physical interaction with
a component or components of this pathway. like the £ subunit
of the TCR. or whether it s due to enzymatic regufation of
pathway intermediates Tike tvrosine kinases (k) or tyrosine
phosphatases remains to be determined. Tt is interesting that
the cffect of Nef protein on CD4 cexpression requires the
cvtopltasmic domain of CD4 (12). which includes two sites that
bind to p3e™* (3). Whether Nef affects CD4 expression and
signal transduction by the same molecular interaction or
through a different mechanism needs to be clarified.

To determine if the effects in vitro on transcriptional regu-
lation correlate with the in vivo effcets of Nef protein requires
first an understanding of the molecular mechanisms of its
action in vitro. It needs to be kept in mind that our in vitro
svstem does not take into account circumstances that could be
important in an in vivo situation and could be affected by Nef
protein, such as reinfection of T eells. Therefore, we are unabie
1o ascertain the relative importance of diverse activities of Nef
protein. This report indicates that Nef protein interacts with
the signal transduction pathway originating from the TCR-
CD3 complexand does not affect the stimulation of T cells with
the evtokines 11-1 and TNFE. The complete definition of this
syatentis required to determine it Nel protein is involved in the
cellulir Fateney of HIV and. it sol through which mechuanism,
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ABSTRACT A human T-cell line constitutively expressing
the n.ef gene from the human immunodeficiency virus type 1
SF2 |-solx:lte was used to examine the distribution of the Nef
protein in the ‘nucleus. High-resolution immunogold label-
u.g/e'{ectron microscopic studies with polyclonal anti-Nef an-
(jhod)e§ on nef* and nef~ cells revealed that a small fraction
o'~ “isin the nucleus and it is localized in specific curvilinear
tiaon~ that extend between the nuclear envelope and the
pucleoplasm. An examination of the sequence of the SF2 nef
ene. revealed a putative nuclear targeting sequence that was
pnm_)usly found in several other eukaryotic nucleoplasmic
proteins. Thtt nuclear localization of Nef suggests a potential
nuclear function for this protein. The presence of Nef in distinct
audear tracks suggests that Nef is transported along a specific
pathway that extends from the nuclear envelope into the
nudfoplasm. A previous study {Meier, U. T. & Blobel, G.
(1eg], C ell 70, 127-138] has shown that the nucleolar protein
o siver cells (Nopp140) shuttles from the nucleolus to the
auclear envelope on distinct tracks. The present study has
2, ed that the transport of a nucleoplasmic protein may
an on distinct nuclear pathways.

The h.uman immunodeficiency virus (HIV) is a complex
fetrovirus that contains several genes that regulate virus
replication and gene expression (1-3). The role of one of these
f:.m:-' r;eﬁ has been the subjgct of a great deal of controversy
: f s ﬁncode,d by a single open reading frame that
. » with the 3 long terminal repeat of HIV and simian
» nodeﬁc_lency virus (SIV) (4-6). Nef is a 27- to 32-kDa
::T;:m that is myristoylated at its amino terminus (7-9). In
o be::szrances. a.25~kDa prodl_xc( that is not myristoylated
St c%)rtcd, howcve.r, this form of Nef is not always
o and< ). nef mRNA Is dete;ted along with that coding
a2 r‘ev.carly. after mfecu_on (11). The presence of
i u re;xcfnve wuh_ Nefin patients infected with HIV or
e C;’es infected with S[V_ls evidence of nef expression
@ t12-15). Although Nef is not required for replication
: 'n Is present in HIV-1, HIV-2, and SIV (4). The
. won ot_lhls gene in all three viruses can be consid-
'r;\\_“:![lmlndlcaf‘rf)n that nef might have an effect on virus
Soce m? or;hseasc progression. Indeed, experiments con-
Dror, ngl~ 1V (mac239 isolate) indicate that nef plays an
N krM)eroic in the development of disease in vivo (10).
Provde o) edge nf the sub;cllular distribution of Nef may
gy usges to tts function. Previous light microscopic
A mg,: |mmunoﬂuoresc_encc or immunoperoxidase
T J:QUtS have found Nef primarily in the cytoplasm 7,
. M‘!\"(\cmt;d with the plasma membrane, Golgi complex,
“plasmic reticulum. A recent biochemical study has
‘4led that a substantial fraction of Nef of HIV-1
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and that the association is enhanced by mynstoylation of Nef
(20). The distribution of Nef in the nucleus remains contro-
versial. Some recent studies using immunocytochemical
techniques at the light microscopic level have described the
possible association of Nef with the nuclear envelope and the
nucleoplasm (18, 19, 21). In this study we have attempted to
resolve the question of the nuclear localization of Nef in
human T cells using the high-resolution method of immu-
nogold/electron microscopy. The studies done with a highly
specific polyclonal antiserum to Nef have revealed that a
fraction of Nef is localized in distinct tracks in the nucleus.

MATERIALS AND METHODS

Cells and Antibodies. HPBALL human CD4* T cells ex-
pressing nef (HPBALL/LnefSN-S1) or transduced with a
control vector (HPBALL/LN) have been described (22).
Cells were grown in RPMI medium containing 25 mM Hepes
and supplemented with 10% fetal bovine serum, penicillin,
and streptomycin. A rabbit anti-Nef polyclonal antiserum
(23) whose specificity was established by Western blot anal-
ysis (see Fig. 1) was used in immunogold labeling studies.
Monoclonal anti-vimentin (no. 814318) and anti-actin (no.
1378996) antibodies were obtained from Boehringer Mann-
heim. Monoclonal anti-tubulin (no. MABO065) antibodies
were purchased from Chemicon. The specificity of three
antibodies was established by immunofluorescence and/or
Western blot analysis.

Western Blot Analysis. To determine the specificity of the
rabbit anti-Nef polyclonal antiserum, HPBALL /L nefSN or
LN cells were lysed in 1% Nonidet P-40 buffer and proteins
were separated by SDS/PAGE on a 12.5% gel. Proteins were
transferred to a nitrocellulose filter, probed with the anti-Nef
antiserum (1:500 dilution), and developed with goat anti-
rabbit alkaline phosphatase secondary antibody essentially
as described (24).

Immunofluorescence and Immunogold Labeling. Immuno-
fluorescence was performed as described (25). Briefly, cells
were spun (Cytospin) onto glass slides, fixed with 3.7%
paraformaldehyde, and permeabilized with acetone. Cells
were then incubated with the primary antibodies [diluted 10-
to 20-fold with phosphate-buffered saline (PBS)] at 37°C for
1 hr. After thorough rinsing, cells were incubated as above
with fluorescein-conjugated goat anti-rabbit antibodies (ICN;
diluted 10-fold with PBS). The slides were viewed and
photographed in a Zeiss IM35 microscope.

Immunogold labeling was done as described (26, 27) with
shight modifications. Cells were fixed in 2.0% paraformalde-
hyde/0.05% glutaraldehyde in 0.01 M sodium cacodylate
buffer, dehydrated in 15%, 30%, and 50% ethanol for 15 min
each, and stained with 2% uranyl| acetate in 50% ethanol for
30 min. They were further dehydrated in 70% and 100%

Abbreviations: HIV, human immunodeficiency virus; SIV, simian

immunodeficiency virus.
1Ty whom reprint requests shouid be addressed.
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ethanol for 15 min each and immersed in 1:1 ethanol/LR
White resin (Polyscience) for 1 hr. Finally, they were em-
bedded in LR White resin for 24 hr at 50°C. Sections were cut
with a diamond knife on a Sorvall MT 6000 ultramicrotome
and picked up on nickel grids. For antibody labeling, grids
bearing sections were floated on drops of primary antibodies
(anti-Nef or anti-cytoskeleton) diluted 10- to 20-fold in Tris-
buffered saline (TBS, 500 mM NaCi/2S mM Tris, pH 7.6)
containing 0.1% fish gelatin and 0.5% bovine serum albumin.
Incubation was carried out at 10°C for 16 hr. Grids were
rinsed with TBS and floated on gold-conjugated second
antibodies (Amersham) diluted 20-fold with TBS containing
fish gelatin and bovine serum albumin. Incubation with the
gold-conjugated antibody was carried out at 21°C for 3 hr.
After thorough rinsing, grids were stained with Reynold's
lead citrate before electron microscopic examination. All
samples were examined in a Philips EM301 electron micro-
scope operated at 80 kV.

RESULTS

Nef Expression in HPB-ALL Cells. We have established a
series of cell populations that constitutively express the nef
gene of HIV-1 (SF2 isolate; refs. 6 and 22). The human T-cell
line HPBALL/LnefSN-S1 was chosen to determine the
intracellular distribution of Nef because it is a human CD4*
T-cell line susceptible to HIV infection. As shown in Fig. 1,
HPBALL/LnefSN-S1 cells express a 27- to 29-kDa protein
that reacts specifically with a rabbit anti-Nef antiserum.
These cells were originally isolated by fluorescence-activated
cell sorting on the basis of their low CD4 cell surface levels
(22). A low level of surface CD4 expression correlates with
Nef expression and serves as an indicator of the presence of
a functional nef gene (22, 24).

Localization of Nef by Immunofluorescence. As a prelude to
the immunogold/electron microscopy studies to map the
subcellular localization of Nef, we performed immunofluo-
rescence studies with a polyclonal anti-Nef antiserum on
nef~ (HPBALL/LN) and nef* (HPBALL/LnefSN-S1)
cells. As shown in Fig. 2, the cells are generally round and
contained = large kidney-shaped nucleus that filled most of
the volunie of the cell. The cytoplasm was polar and was most
abundant near an indentation of the nucleus, typically seen in
T cells. In nef* cells, the anti-Nef antibody revealed a

Proc. Natl. Aczd. Sci. USA 90 (1993)

Fic. 1. Specificity of anti-Nef rabbit
pohcioaal antiserum. Extracts from HP-
BALL cells transduced with L nefSN or
a coarrot vector, LN, were separated by
SDS PAGE on 12.5% gels, and Nef was
detected by Western blot analysis with a
rabtxt anti-Nef specific antiserum using
alkzhine phosphatase-labeled goat anti-
rabhit antibodies (heavy chain specific) .-
as described in the text. The position of
Nef on the gel is indicated. Positions of
prestained molecular mass standards are
indicated in kDa.

z
@
]
P
]

homogeneous labeling of the cvioplasm (Fig. 2A). In general,
the distribution of Nef seems polar but this evidently is due -
to the polar distribution of the cytoplasm; the thin ring of the
cytoplasm surrounding the nucleus, when visible, also
showed labeling. The nuclei. in general, showed little or no
fluorescence (Fig. 2A4). However, focusing of the nuclei at
different planes revealed marmow bands of fluorescence in .
some nuclei (Fig. 2B). These bands were seen in 8 of the 89 -
nuclei examined and each pucleus showed only one band. .
The bands are very faint and required long exposures to -
photograph them. No fluorescence was observed in nef; .
cells incubated with the anti-Nef serum (Fig. 2C) or i nef* ::
cells incubated with normal rabbit serum (Fig. 2D), altl'mugh':~
several hundred of these cells were examined. o2

Nuclear Localization of Nef by Immunogold Electron Mlcros- ;
copy. The technique used for immunogold labeling was the |
post-embedding method (27). Fixed and dehydrat=d cells are ’
embedded in a water-soluble embedding resin (LR White) and ;
sectioned, and sections are incubated with primary and sec-'s
ondary (gold-conjugated) antibodies. We have maintained ;
three sets of controls to ensure the specificity of the antibodies .2
used. First, we performed the immunogold labeling with
anti-Nef antibodies using sections of HPBALL/LN control :
cells (nef~). As shown in Fig. 3A, the nonspecific binding of -
the anti-Nef antibodies in these cells was negligible. Second,
as a control for nonspecific binding of primary and gold-
conjugated secondary antibodies, we performed immunogold
labeling on nef* (HPBALL/L nefSN-S1) cells using normal

FiG. 2. lmmunotluorescence analy- | §
sis of Nef* (HPBALL/L nefSN-S1) and
Nef- (HPBALL/LN) cells with antise-
rum against Nef. (4) Nef* cells jabeled ;
with the anti-Nef antiserum show labelin :
the cytoplasm. (B) The Nef* cells labeled
as in 4 were focused on the interior of the .
nucleus. Note a fluorescent band across
the nucleus. (C) Nef~ cells labeled with
the anti-Nef antiserum were not labeled.

(1)) Nef* cells labeled with normal rabbit
serum were also not Jaheled. {x800.)
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FiG. 3. Electron micrographs of controls for the immunogold
labeling technique. (A) Nef~ cells were incubated with polyclonal
anti-Nef antiserum followed by gold-conjugated anti-rabbit antibody.
Labeling of cytoplasmic and nuclear components is negligible. (B)
Nef* cells were incubated with normal rabbit antiserum followed by
goat anti-rabbit antibody coijugated with gold particles. No nonspe-
Y 1beling of either cytoplasm or nucleus is evident. (C) Nef* cells

incubated with a monocional anti-intermediate filament (vi-
mentin) antibody followed by gold-conjugated (anti-mouse) second
antibodies. The label is seen over intermediate filaments (IF). M,
mitochondrion; C, centriole; N, nucleus; Cy, cytoplasm. (4, x8100;
B, x8550; C, x19,800.)

rabbit antiserum followed by gold-conjugated anti-rabbit an-
tibody. The resuits illustrated in Fig. 3B show that neither the
rabbit serum proteins nor the secondary antibodies bind
nonspecifically to nef* cells. Finally, to check for the speci-
ficity of labeling of subcellular structures by immunogold
labeling method used here, nef* cells were labeled with an
anti-vimentin (intermediate filament) specific antibody. The
intermediate filaments are readily identifiable cytoplasmic
structures that provide convenient markers to test the reso-
lution and specificity of immunogold labeling. The results
illustrated in Fig. 3C show the exclusive distribution of label
over the 10-nm intermediate filaments. Little or no labeling in
the nucleus was observed in any of these controls. These
studies suggest that the immunogold technique used here
provides specific labeling of subcellular structures.

When T cells expressing Nef (HPBALL/L nefSN-S1)
were examined by the immunogold labeling method, the
resuits were as follows. In a few sections of the nuclei the
label due to Nef was detected in highly localized tracks that
extended between the nuclear envelope and the nucleoplasm.
Fig. 4 illustrates these tracks in sections of three different
nuclei (A-C). The longest of the tracks measured about 7 um
(Fig. 44) and the tracks appeared to commence/terminate at
the ~ytoplasmic side of the nuclear envelope (Fig. 4B). The
ti_ " were seen in only 4 nuclei among 100 examined and
senal sections revealed only one track per nucleus. It is
possible that these tracks may occur with greater frequency
than that observed but that they are not detectable due to
technical reasons. The tracks occur in thin bands and occupy

Proc. Natl. Acad. Sci. USA 90 (1993) 11897

a {raction of the total nuclear volume and, therefore, thewr
detection would depend on their perfect alignment to the
plane of sectioning. In addition to the tracks, a small amount
of label is also found in the nuclcoplasm but the nucleol; are
totally free from the label. These tracks may correspond to
the fluorescence bands observed in a few nuclei by the
immunofluorescence method (Fig. 2B). A thorough exami-
nation of sections of hundreds of nuclei of nef~ cells incu-
bated with anti-nef serum and nef* cells incubated with
normal serum has failed to reveal any nuclear labeling. In fact
there is only one other instance in published literature
conceming a nuclear protein that forms tracks in the nucleus.
A study by Meier and Blobel (28) has shown that a nucleolar
phosphoprotein (Nopp140) of rat liver cells shuttles on tracks
that extend between the nucleolus and nuclear pore com-
plexes. The Nef tracks are different from Nopp140 tracks in
that they traverse the nucleoplasm with no relationship to the
nucleolus.

In the cytoplasm (data not shown) the labe] due to Nef was
most abundant near the indentation of the nucleus as was the
case with cells processed by immunofluorescence (see Fig.
2 A); this region contained most of the cell organelles, includ-
ing the microtubule organizing center, Golgi complex, and
vesicles.

Do the Nuclear Tracks Represent Cytoskeletal Filaments? It
has been hypothesized that the transport of RNA (29, 30) and
proteins (28) occurs on specific tracks in the nucleus and that
these tracks may be composed of cytoskeletal filaments (e.g.,
microfilaments, microtubules, or intermediate filaments). To
determine if any of these filaments form tracks within the
nucleus of T celis, we have conducted immunogold labeling
studies with anti-tubulin, anti-vimentin, and anti-actin anti-
bodies. The nuclei ~emained largely unlabeled with either
anti-vimentin (Fig. 3C) or anti-tubulin antibodies (data not
shown). However, anti-actin antibodies showed some label-
ing of the nuclei (Fig. 5). Although not as clear as Nef tracks,
the label due to actin showed a preferential aligniuciit in the
nucleus. Additionally, short tracks of actin were seen ex-
tending between the nuclear envelope and the nucleoplasm
(Fig. 5). These results are consistent with previous biochem-
ical evidence for the presence of actin in the nucleus (for
references, see ref. Z8) and its proposed role in the shuttling
of proteins between the nucleus and cytoplasm (28).

DISCUSSION

The nef gene is present in HIV and SIV and several functions
have been ascribed to it. These functions include a negative
effect on HIV replication in vitro (31-34), down-regulation of
CD4 from the cell surface (8, 22, 24), and binding and
hydrolysis of GTP (35). Conflicting reports have also been
published questioning the role of Nef in each of the above
functions (9. 36). The issue of the biological function of Nef
1s further complicated by the fact that isoforms of Nef exist
that differ either in the primary amino acid sequence or in
their posttranslational modification (37) and these isoforms
may have different functions.

In an attempt to gain insights into the function of Nef,
earlier studies have focused on the intracellular localization
of Nef using immunocytochemical studies at the light micro-
scopic level (7, 17-19, 21) and obtained varied results. Initial
studies suggested an exclusive cytoplasmic distribution of
Nef (7. 17). whereas three recent studies indicated the
presence of Nef in the nucleus as well (18, 19, 21). In the
present study our objective was to obtain a more precise
intracelular localization of Nef using immunogold labeling
techniques at the electron microscopic level.

The studies described here have important implications for
the function of Nef in HIV-1 life cycle and for the general
uestion of the import of protemsanto the nucleus They have
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shown that a fraction of Nef is present in the nucleus and that
it occurs v localived tracks within the nucleor!z-m. T
precise nuclear role of nuclear Nef remaine unknown bt
some previous studies have suggested a regulatory role for
Nef in the HIV gene expression (31-34). The localization of
Nefin distinct tracks in the nucleoplasm is significant in view
of transport of proteins into the nucleus. The first example of
a nuclear protein that occurs in tracks is the nucleolar

Fie,. S0 Electron nucrograph showing immunogold labeling ot the
nucleus of Net™ cellv with a monocional anti-actin antibods Inthe
nucieus the actin label shows preferential alienment along tracks
st Short tmack of actin label near the nocleer envelope (N

P TR v A6 R

Proc. Natl. Acad. Sci. USA 90 (1993}

FiG. 4. Electron micrograph
showing immunogold labeling of
the nuclei of three different Nef*
cells. Note the tracks of gold par-
ticles extending from the nuclear
envelope to the nucleoplasm in A
and B. (A) Arrows mark the track
of Neflabel. (B) The tracks of Nef
appear to originate in the cyto-
plasm (arrowhead). (C) Part of the
Nef track at high magnification.
NE, nuclear envelope: Cy. cvto-
plasm. (A, x23,800; B, x30,800;
C, x56,700.)

phosphoprotein (Noppl40) of rat liver cells (28). Nopp140
binds nuclear localization signal peptides and shuttles be-
tween the nucleolus and cytoplasm. Immunogold labeling
studies have shown that this protein occurs in tracks that
eatend from the auclear envelope to the fibrillar component
of the nucleolus. These results led the authors (28) to suggest
that Noppl40 shuttles on distinct tracks that may be com-
posed of actin with the motive force for transport being
generated by the putative nuclear myosin motors. Although
details of the mechanism of nuclear transport ro.nam to be
resolved. it appears that most. if not al, macromolecular
traftic including that of mRNA molecules (29, 30) proceeds
on distinct nuclear pathways. To our knowledge. demonstra-
ton of a nucleoplasmic protein on distinet tracks hus not been
renorted previously. The Nel tracks in the nucleus remark-
ably resemble the Noppld0 tracks and. fike the latter, may
represent nuclear transport pathways. The fuct that there 1s
anby one Neftrack per nocleus suggests that Nef traverses to
the nucleus along a single speditic pathwav into the nucico-
plasm. As has been suggested betore tor Noppl4o (28), the
specifiaity may reside o the nuclear pore complex to which
the protemn binds amd 1o swhich the track s presumably
anchored

Presious studies ave shown that the cuharyotic nucieus
cantainis an organtzed matniy ot protemaceons Hilament that

provides aoscatlob b e areamzation and Tunction of the




Microbiology: Murti ef al.

nuclear components (for references, see ref. 38). Recent
studies have shown that various biochemical reactions, in-
cluding DNA replication, transcription, and RNA process-
, take place on defined regions of the nuclear matrix and
i matrix may also provide tracks for the movement of
proteins and RNA transcripts (28-30) in and out of the
nucleus. The identity of proteins that compose the nuclear
matrix remains to be resolved. Some studies have implicated
lamins (proteins of the fibrous lamina beneath the inner
nuclear membrane) in forming the nuclear matrix (39); lamins
are related to proteins of cytoplasmic intermediate filaments
and can form coiled-coil rods, which, in turn, can associate
to form higher order structures (40). Another protein that has
been detected in the nucleus (for references, see ref. 28) and
is believed to compose the matrix is actin. It has also been
speculated that actin may provide tracks in the nucleus along
which macromolecules move in and out of the nucleus (28).
A recent study has demonstrated the affinity of HIV-1 Nef to
the cytoskeletal components in vitro and in vivo (20). All of
these findings ted us to conduct a preliminary immunogold
labeling study to determine if any of the major cytoskeletal
proteins occur in tracks within the nucleus. The results
suggested that, among the cytoskeletal proteins, actin ap-
pears to form short tracks withiu the nucleus.

The localization of Nef in the nucleus also led us to search
for a nuclear localization signal in the nef sequence. Since
Nef is found in the nucleoplasm and not in the nucleolus, we
focused on localization sequences on nucleoplasmic pro-
teins. Previous studies with Xenopus oocyte nuclear proteins
(nucleoplasmin and N1) have shown that these proteins share
a bipartite nuclear targeting motif (41). The motif consists of
a 16-amino acid sequence with two basic residues at the
amino-terminal end, 10 ‘‘spacer’’ residues, and a cluster of 4
basic residues at the carboxyl-terminal end (see below).

Mino acids in both basic domains are required for nuclear
«Ygeting and the transport defect of a mutation in one domain
is amplified by a simultaneous mutaticr in the other. In
addition to Xenopus proteins, a number of eunaryotic and
viral nuclear proteins contain this motif (41). The SF2 clone
of Nef used here also shares this motif (24).

Nucleoplasmin KRpaatkkagqaKKKK
Thyroid al KRvakrkliegnReRRR
Nef-SF2 KRsmggwsaireRmRR

The presence of the nuclear targeting sequence may be
required but not sufficient for the nuclear localization of Nef.
Indeed, a substantial fraction of Nef appears to be cytoplas-
mic associating with organelles and cytoskeletal elements,
suggesting that it may disrupt host cytoplasmic activities. It
is still possible that a fraction of Nef has a nuclear function
that is yet to be identified.
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Regulation of Human Immunodeficiency Virus Nef Protein by Phosphorylation
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Human immunodeficiency virus isolates express a Nef protein with either an alanine or a threonine at amino acid residue
15 The threonine residue is a site for phosphorylation by protein kinase C. Jurkat T ceils constitutively expressing the
alanine variant of Nef exhibit the ability to downreguiate the induction of transcription factors NF-kB and AP-1 In contrast,

Jurkat cells with the threonine variant of Nef are at least partially restored in their ability to recruit NF-kB and AP-1.

Academic Press, Inc

Human immunodeficiency virus (HIV) “negative factor”
(Nef) protein is the product of the nef gene, a regulatory
gene shown to be dispensable for virus replicatior in
vitro (1) but essentia! for virus pathogenicity in vivo in an
animal mode! with simian immunodeficiency virus (2).
The mechanism by which Nef affects HIV infection/dis-
ease is still poorly understood. Nef has been shown to
downregulate surface expression of CD4 in T cells (3,
4). It has also been shown to downregulate transcription
factors NF-kB and AP-1 in vitro (5, 6).

Structural studies of Nef have shown that this protein
is myristoylated at the N terminus (7), and acylation has
been suggestec 0 be important for its association with
cell membranes (8, 9). In addition, a potential protein
kinase C {PKC) phosphoryiation site at threonine 15 of
HIV-1 Nef and serine 10 of HIV-2 Nef have been identified
(3, 10). These potential phosphorylation sites are homolo-
gous to those present in p60°° and epidermal growth
factor receptor (17). Different Nef variants have an ala-
nine residue at position 15 (Nef 1) or a threonine {Nef 2)
(12). Conversion of threonine 15 to an alanine residue
resuits in the loss of Nef phosphorylation {3). Though
other Nef phosphorylation sites have been proposed,
there is no evidence that they are utilized (12). The cur-
rent study was undertaken to determine the impornance
of the threonine 15 phosphorylation site with regards to
the ability of Nef to downregulate transcription factors.

Human Jurkat J25 T-cell clonal cell lines were selected
after transfection with plasmids containing the gene for
either Nel 1 (133, 2208) or Nef 2 (10H10, 1F8) under the
control of the simian virus 40 enhancer and human T1-
cell leukemia virus promoter as previously described
(13). The products Nef 1 and Nef 2 proteins differ at

o whom correspondence and repnnt reguests should be ad
dressed

€ 1934

amino acid positions 15, 29, and 33 (Fig. 1A). Jurkat ce!!
clones were also made with the plasmid with the Nef 1
sequence mutated at position 15 from threonine 1o ala-
nine [Nef 1 clones 18 and 19}, or with the plasmid with
the Nef 2 sequence mutated at position 15 from alanine
to threonine [Nef 2 clones 13 and 16]. All these clones
have been shown previously to show, in the absence of
stimulation, minimal LTR-driven activity as well as recruit-
ment of transcriptional factors NF-kB and AP-1 (defined
as the increase in the nuclear fraction of the active forms
of these factors). These characteristics are not unique
to these cell clones and have alsu Deen obsenved wiin
other Jjurkat cell lines (E6-1) and HP-BALL cells (5, 13).
In addition, these cell lines respond appropriately to T-
cell stimulants including phorbol myristate (PMA), phyto-
hemagglutinin (PHA), antibodies to CD3, antibodies to
CD2, as well as antibodies to the T-cell receptor, TNF
and IL-1, indicating that their signal transduction path-
ways are functional.

Figure 18 shows the Western blot analysis of all the
cell lines, inctuding the parental cell line 22F6. For this
study, cells were kept in log phase growth and immuno-
precipitation and immunoblot analysis was performed
with a rabbit antiserum as previously described (5). Nef
was detected by the rabbit antiserum in all clones except
2256 and to a similar level.

In order to examine which Net proteins can be phos-
phorylated, [* Pjorthophosphate labeling was performed
as described (74). Briefly, 10" cells were grown in phos-
phate-free media for 4 hr and then [ “PJH,PO,, (ICN Bio-
medicals, Irvine, CA) was added at 0.2 mCi‘ml. Cells
were then stimulated with 50 ng/ml PMA and 13 ug/mi
PHA for 4 hr, or with sterle water as a control. Immuno-
precipitation was carned out as abave except that phos-
phatase inhibitors (50 mAM Naf, 10 mM Na, VO.. and 50
mM f-glycerolphosphate) were added to the RIPA buffer
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Fig. 1. {A) Structure of Nef expression plasmids. Numbers on top
show Nef protein amino acid residues, with number 1 indicating the
initiator methionine. Differences in residues between Nef 1 and Nef 2
for the specified positions are indicated for each clone. (B) Western
blot analysis of Jurkat cell clone extracts immunoprecipitated with rab-
bit anti-Nef antiserum (5). These include parental celi line (22F6), Net
1 expressing clones (133, 22D8), Nef 2 expressing clones (1F8, 10H10),
Nef 1 mutants (13, 19), and Nef 2 mutants (13, 16). Positions of molecu-
lar weight markers are indicated on the left. (C) Jurkat cell clone extracts
a“er [*Pjcrthophosphate 1aheling and immunoprecipitation with rabb:t
ent-Ne! antiserum Pesitons of molecular weight markers (kd) are
.ndicated on the left.
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Immunoprecipitates were then analyzed by SOS-PAGE
foliowed by autoradiography. The results are shown in
Fig. 1C. Jurkat cells expressing Nef variants carrying a
threonine at position 15 (Nef 2 clone 10H10 and mutant
Nef 1 clone 18) showed phosphorylation after stimulation
with PMA and PHA while neither of the clones with an
alanine at position 15 (Nef 1 clone 133, mutant Nef 2
clone 13) showed a significant amount of phosphoryla-
tion. No phosphorylation was detected in the absence
of PMA and PHA treatment.

To examine the effect of each Nef variant on the re-
cruitment into the nucleus of active transcription factors,
electrophoretic mobility shift assays (EMSA) were per-
formed with nuclear extracts prepared from the different
Jurkat cell clones, after stimulation with PMA and PHA
for 4 hr or after stimulation for the same period of time
with sterile saline, as previously described (75, 16). For
EMSA  double ctighuca TTHlabeicd  sligonuclectides
were used which include the binding sites of transcrip-
tion factors SP-1, NF-kB, and AP-1 {5). Nuclear extracts
were normalized for protein concentration with the Brad-
ford reagent (Bio-Rad) using bovine serum albumin as
a standard. EMSA was performed using the probe for
noninducible transcriptional factor SP-1 to control for the
quality of the extracts (Fig. 2A). Recruitment of transcrip-
tion factors NF-kR and AP-1 in the absence of PMA and
PHA stimulation was negligible (data not shown). Figure
2B shows downregulation of NF-kB in Jurkat T celis ex-
pressing Nef 1 (22D8, 133) as compared with the parental
cell line 22F6. On the contrary, cell clones expressing
Nef 2 (1F8, 10H10) showed no difference in NF-kB induc-
tion from that of 22F6 cells. Results for AP-1 recruitment
are shown in Fig. 2C and were similar to those for NF-
kB. AP-1 was downregulated in cells expressing Nef 1
but not in those expressing Nef 2.

Figure 3 shows mobility shift assays in which the com-
parison is made between parental cell line 22F6, Nef 1
producing cell clone 2208, and clones 18 and 18 in which
the Nef 1 protein has been modified with a threonine
instead of an alanine at position 15. SP-1 activity from

(SR L]

Fic 2 Electrophoretic mobility shift assays performed from nuclear extracts with *P-jabeied ohigonucieotide probes for binding sites of (A} SP-
1. (B) NF kB, and (C) AP-I. Cell clones: 22F6 (parental cell line), 133 and 2208 (Nef 1 expressing clone), 1F8 and 10H10 (Nef 2 expressing clone),
18 and 19 {mutant Nef 1 ctones), 13 and 16 (mutant Net 2 clones) C-P, competiton by cold probe. The relative intensity of the bands ehow =g
OOl ARA L LU NPIERES, WEs BV, Jaw2U Dy 1aser uuasitometry (bar graphs) The free probe at the bottom of the gels s not shown Experiments
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these cell clones is shown in Fig. 2A. NF-kB (Fig. 3A)

and AP-1 (Fig. 3B) induction was downregulated in the
g cells expressing Nef 1 when compared with that of the
‘ 22F6 cells. Strikingly, both cell clones 18 and 19 show
' no effect on NF-kB and AP-1 recruitment when compared
with that of the parental cell line 22F6.

Figure 4 shows the comparison between parental cell
line 22F6, Nef 2 producing cell clone 1F8, Nef 1 produc-
ing clone 133, and clones 13 and 16 in which the Nef 2
protein has been modified with an alanine instead of a
threonine at position 15. SP-1 activity for these cell ciones
is shown in Fig. 2A. NF-kB (Fig. 4A) and AP-1 (Fig. 4B)
are both downregulated in the cells expressing Nef 1
(133}, while no effect is seen in those expressing Nef 2
(1F8). Clones 13 and 16 showed an intermediate pheno-
type between that exhibited by Nef 1 and Nef 2. The fact
that both clones 13 and 16 showed thius intermediate
phenotype suggests that other determinants in Nef be-
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sides phosphorylation at pesiticit 15 are imporntant for
Nef-dependent downregulation of transcriptional factors.

To determine if the effects of the changes of amino
acid 15 in Nef on transcription factor regulation corre-
lated with transcriptional activity, experiments were ger-
formed in which cells were transfected by the DEAE Dex-
tran method (6) with plasmids, which use the long tern-
nal repeat of HIV (HIV-1-CAT) or the {L-2 promoter (IL-2-
CAT) to direct expression of the chloramphenicol acetyl
transferase (CAT) gene. After stimulation of the cells with
PMA and PHA or sterile saline for 4 hr, cell extiacts were
prepared and CAT activity was assessed by standard
methods {17). Sarples ior the CAT e30ay 5 ware nermal-
ized to equal protein concentration by Bradford reagent
analysis (Bio-Rad) using bovine serum albumin as a stan-
dard. CAT assays from different celi lines were slsc nor-
malized to a noninducible control plasmid RSV-CAT (18)
which was transfected in narailel with the HiV-1-CAT
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Fic 5 Chloramphenicol acetyltransterase (CAT) assays for HIV and IL-2 transcription. Extracis were prepared from Jurkat cell Clones transtec s

with HiV-1-CAT (A-C) or IL-2-CAT (D-F). The data are presented as the mean ratio of the level of CAT activily present i~ re cal', st
PMA and PHA for 4 hr compared to the level present in unstimulated cells. The mean values tor percentage of acetylatiur o

Chited

sumulzted cells e

10.2 (22F6), 1.4 (133), 8.7 (N1 19), 9 (N1 18), 86 (1F8), 8 (10H10). 5.3 (N2 13), 5.9 (N2 16) tor HIV-1-CAT and 22.3 (22F6). 2 £ (133), 222 (N1 191 237
{N118), 17.5 (1F8), 18.4 (10H10), 3.5 (22D8), 6.3 (N2 13), 7.2 (N2 16) for 1L-2-CAT. Expeniments were performed in tnphicate and enar bars ropresent
standard deviation of the mean. Cell clones: 22F6 (parental cell tine), 133, 22D8 (Net 1 expressing clones), 1F8. 10H10 (Net 2 expressing clones)

13 and 16 (Nef 2 mutants), 18 and 19 (Nef 1 mutants)

and the IL-2-CAT. Figure 5 shows the results of these
experiments. The CAT activity measurements closely
paralieled the EMSA tindings. Unstimulated cells showed
almost no CAT activity (data not shown). Figure 5A shows
decreased CAT activity in cell clones transfected with
HIV-1-CAT in the presence of Nef 1 (22D8, 133) when
compared with the parenta! cell line 22F6. On the utirer
hand, clones expressing Nef 2 (1F8, 10H10) showed no
difference in HIV-1-CAT activity as compared with paren-
tal cell line 22F6. Figure 5B compares CAT activity in
clones transfected with HIV-1-CAT expressing Nef 1 (133)
and the parental cell line (22F6) as well as clones 18
and 19 in which Nef 1 protein has been modified to
include a threonine at position 15 instead of an alanine.
CAT activity was decreased in cells expressing Nef 1
when compared with the parental cell line. Once again,
clones 18 and 19 showed no difference in CAT activity
when cnmpared with the parental cell line. Figure 5C
stows the compartson between clones transfe ted wili
HiV-1-CAT expressing Nef 1 (133), Nef 2 (1F&; and the
parental cell line 22F6, as well as clones 13 and 16 in
which Nef 2 protein was modified to include an alanine
at position 15 instead of a threonine. CAT activity was
not significantly different between Jurkat cell clones ex-
pressing Nef 2 and the parental cell line, while it was
clearly decreased in those expressing Nef 1. Clones 13
and 1o exuies~.d an intermediate phenotype. Figures
50, 5k, and 5F show the results ol 3 ifar experiments
except that the cells were transfected with 1L-2-CAT. 1L-
2-CAT induction was decreased in clones expressing
Nef 1. when compared with the parental cell line, while
those expressing N«f 2 - bonet ne cignificant eftoct on
CAT activity Clones 15 VESTEe ;
ate phenotypi with regards o 1L-¢ expression.

HIV-1 Nef protein has been shown to be phosphory-
lated by PKC at threonine 15 (3). The mutation from threo-
nine to alanine results in foss f this phosphorylation site.
This change has no effect on N-terminal myristoylation of
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Nei, thus is not likely to affect Nef membrane binding. it
also has no effect on downregulation of CD4 expression
in T cells (3). The results of our study show that, as in
the case of p60®, phosphorylation of Nef results in loss
of one of the functions of this protein. Also, the results
show that, even though other potertial phosphonration
sites have been identified in Nef (72), the predominant
site of Nef phosphorylation upon stimulation of T cells
is the threonine at position 15. We have shown else-
where (79) that downregulation of transcription factor NF-
kB by Nef occurs through @ PKC-dependent mechanism.
The combination of these data presents a model for a
unique system by which a protein acts through a pathway
that uses a protein kinase as an intermediate for its
function, and the same protein kinase regulates the pres-
ence of the active form of the protein. Furthermore, it has
also recently been shown that Nef associates with the
cytoskeleton (20) and may also localize in specific “chan-
oastin e nuchus (27). Whether the locaiization of Nef
and its avadability for phosphorylation by PKC are related
is so far unknown. However, it is intniguing that the PKC
phosphorylation site lies within the potential biparute
nuclear localization signal and, therefore. may alter its
activity.

The results of this study provide new insights into
structural aspects of Nef, and therr importance with re-
spect to one of the functions of Net in vitro
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Particle assembly and Vpr expression in human immunodeficiency virus
type 1-infected cells demonstrated by immunoelectron uicroscopy

Jaang J. Wang,'? Yuh-ling Lu® and Lee Ratner*

! Department of Biology and Anutomy. National Defense Medical Center, Taipei, ? Institute of Biomedical Sciences,
Academia Sinica, Taipei, Taiwan, Republic of China and ® Departments of Medicine and Molecular Microbiology,
Washington University, St Louis, Missouri 63110, U.S.A.

The 96 amino acid viral protein R (Vpr) of human
immunodeficiency virus type 1 (HIV-1) was detected
during virus assembly in intracellular vacuoles and at the
plasma membrane on peripheral blood mononuclear
cells. In both immature and mature virus particles, Vpr
was located immediately beneath the viral envelope, co-
localizing with the core structural protein, Gag p24. Vpr
was present in intracellular HIV-1 wild-type virions at
50% of the level found in extracellular HIV-1 particles.
Cells infected with HIV-1 strains with C-terminal
truncations of Vpr manifested a different pattern of Vpr

by a specific locus within the protein.

expression. A mutant with an alteration of amino acids
79 to 85 exhibited a 23 % reduction in total levels of Vpr

" expression, but a marked accumulation of Vpr in

intracellular rather than extracellular virions. A mutant
with the last 17 amino acids of Vpr deleted expressed
only 10 % of wild-type levels of Vpr. These observations
indicate that Vpr is incorporated into virions from the
cytoplasmic aspect of either the vacuolar or plasma
membrane. Furthermore, the proportion of Vpr on
intracellular compared to extracellular virions is affected

Introduction

Human immunodeficiency virus (HIV) is released from
the host cell surface by budding from the plasma
membrane (Gelderblom, 1991). The budding process
releases immature virus particles containing a non-
condensed core of Gag precursor proteins, together with
the RNA genome and viral enzymes necessary for
initiation of replication, all enclosed within a lipid bilayer
containing the envelope proteins. Maturation of the
virus particle, associated with viral protease activity,
results in condensation of the particle core.

Viral protein R (Vpr) is incorporated into the virion.
This involves an association of Vpr with the C terminus
of the Gag precursor protein, Pr55%¢? {Cohen er al.,
19904; Yuan et al., 1990; Lu et al., 1993; Paxton e¢ al.,
1993). Vpr is one of seven regulatory proteins expressed
by all HIV types and sim‘an immunodeficiency virus
(Rosen, 1991). It encodes a 96 amino acid protein that is
dispensable for virus repiication in T lymphoid cell lines
(Dedera er al., 1989). However, Vpr accelerates HIV-1
renlication about threefold in a variety of T lymphoid
cell lines, and to a sigmficantly z-=~ter degree in primary
macrophages Ogawa et al., 1989; Hattori et al., 1990;
Westervelt er al,, 1992). Vpr has also been shown to
increase gene expression non-specifically by threefold
from a wide range of transcriptional promoters, by a
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mechanism that remains to be defined (Cohen er al.,
19904). The packaging of Vpr into the virions suggests
that this protein plays an important role in virus assembly
or infectivity (Cohen et al., 1990a; Yuan et al., 1990).
The subcellular localization of Vpr in infected cells has
been determined by subcellular fractionation and indirect
immunofluorescence microscopy (Lu et al., 1993). These
data suggest that Vpr expression in the absence of other
viral proteins results in a predominant localization in the
nucleus. However, coexpression of Gag Pr55%? results in
the release of a portion of the expressed Vpr protein in
extracellular virions. In the present study, we defined
more carefully the localization of Vpr during virus
assembly at both intracellular and extracellular sites
using wild-type and mutants forms of Vpr with a double
immunogold electron microscopic labelling technique.

Methods

Cell lines and culture. COS-7 cells were obtained from the ATCC and
maintained in Dulbecco’s modified Eagle's medium supplemented with
heat-inactivated fetal calf serum, | mm-pyruvate, 100 units/ml pem-
cillin and 100 pg/ml streptomycin. Peripheral blood mononuclear cells
(PBMCs) were purified from normal human leukocytes by centrifuga-
tion onto Ficoll. After 3 days of stimulation with phytohaemagglutinin
(15 pg/ml; Sigma), PBMCs were maintained in RPMI 1640 medium
supplemented with 10% heat-inactivated fetal calf serum, 4 mm-
glutamine, recombinant interleukin 2 (50 umits/mi; Cetus), 100
units,'mi penicillin and 100 pg/ml streptomycin.




tants. HIV-1 mutant SRIG was made from a proviral clone,
DA(GG). which expresses a ¥6 amino acid form of Vpr
ervelt er al, 1992). In this mutant four amino au.ds of Vpr
dues 79 to 82, numbered according to Myers et al., 1992), Ser-Arg-
Gly, were deleted and the Arg at position 85 was changed to Gia.
e mutant was made by inserting the sequence S TCGACATGTTA-
CTCAACAGAGGAGAGCAAGAAACGGAGCCAGTAGATCT-
TAG 3¥into the Safll site at nucleotide $785 by linker ligation.
The mutant CRST, in which residues 80 to 96 of Vpr were deleted, was
constructed by digestion of NLHXADA(GG) with Sa/l and blunt-
ending with the Klenow fragment of Escherichia coli DNA polymerase
1. The-C-terminal aniino—acid ¢
‘mutants, SRIG and CRST, are shown below (the substituted amino

. AN ~ .
acids are snowa undeaiiued; . /';W <oac Plaze Aumes Over

G i ndicated resdues
WwT HFRIGCRHSR IGVIR QRRAR NGASR

SRIG HFRIGCRH TQ QRRAR NGASRS

confluent cos-7 cells in 10 cm-diameter platcsm

recombinant proviral clones NLHXADA(GG), SRIG or CRST
together with 2 ug of pCV1, a tar expression vector (Arya et al., 1985).
The calcium phosphate precipitation method was used for transfection,
and S hours later the cells were treated with 10% DMSO for 2 min
before being washed twice with PBS. Cell culture supernatants were
harvested after 48 h and filtered (0-2 um Millipore filter). Culture
supernatant (5 ml) was used to infect | x 107 PBMCs. The cells were
collected as pellets 7 days post-infection. After washing with serum-free
culture medium. the cells were fixed in freshly prepared 2:5%
glutaraldehyde in PBS for 30 min at room temperature. After fixation,
the cells were washed in PBS overnight, dehydrated in giaded
concentrations of ethanol and then embedded in LR white acrylic resin
(Stransky & Gay, 1991).

Post-embedding immunoelectron microscopy. Sections of resin cor-
taining the cells, with a thickness of 100 nm, were collected on 270-
mesh nickel or gold grids for immunocytochemical analysis
(Gelderblom er al., 1987; Gelderblom, 1991). The sections were etched
with freshly prepared 5% H,0, for § to 10 min in a vacuum chamber.
Non-specific binding was blocked with 1 % BSA. Vpr rabbit antiserum
was prepared as previously described (Lu er al,, 1993). The mouse
monoclonal anubody C246, which reacts to Gag p24, was kindly
provided by T.-W.Chang. The sheep antibody to Env gpl20 was
obtained from BioCell. For dual labelling, the anti-Vpr antiserum was
added first and incubated at 20 °C for 1 h, followed by a wash with
PBS, and then the mouse anti-Gag p24 or sheep anti-Env gp120 was
applied. The cells were then washed in Tris-buffered saline (TBS) and
15 nm gold particle-conjugated goat anti-rabbit IgG (Auroprobe EM;
Amsterdam) and either 5 nm gold particle-conjugated goat anti-mouse
IgG (Amersham) or 10 nm gold particle-conjugated donkey anti-sheep
1gG (BioCell) were added. Sections were stained with uranyl acetate
and lead citrate and examined under a Zeiss electron microscope.

Results
Expression of wild-rvpe and mutar:t Vpr proteins

HIV-1 strains capable of encoding a full-length Vpr
protein, or mutated forms of Vpr with deletions were
used in this study. To confirm that the mutations gave
rise to proteins of the predicted M, and with similar
stability and antibody reactivity, the wild-type and

Put vader jdnniad

ST HFRIGCRST nospace u;:;ﬁ‘)q"?n Ling adarve
" ViFiis infection. HIV-1 stocks were genierated-by trarsfection of 60 %

CRST SRIG

Fig. 1. Expression of wild-type (w.t.) and mutant forms of Vpr protein.
Each vpr gene was cloned into plasmid pTM3 between Ncol and Sacl
sites downstream of the T7 promoter. The plasmids were transfected
into BSC-40 cells infected with vIF7-3, a recombinant vaccinia virus
expressing T7 polymerase. After 4 h, the cells were labeiled with
[PH)leucine overnight, and cell lysates were immunoprecipitated with
the anti-Vpr antiserum. The differences in M, are consistent with
deletion of four amino acids in SRIG and deletion of 17 amino acids
in CRST.

mutated (CRST and SRIG) vpr genes were cloned into a
recombinant vaccinia virus expression system. After
expression in BSC-40 cells, the specific Vpr proteins were
immunoprecipitated with a rabbit anti-Vpr antiserum
and analysed by PAGE (Fig. 1). The electrophoretic
mobility of wild-type Vpr was consistent with a protein
of 11-4K, slightly larger than that predicted for a 96
amino acid protein, but consistent with other studies of
Vpr (Lu et al., 1993; Paxton et al., 1993). Mutant Vpr
protein from SRIG has a deletion of four amino acids
and an electrophoretic mobility that was consistent with
a decrease of 1K in M,, compared to the wild-type.
Mutant Vpr protein from CRST has a deletion of 17
amino acids, and an electrophoretic mobility consistent
with a decrease of 3K. All three vpr gene products
reacted with the rabbit polyclonal anti-Vpr antiserum.

Vpr expression in intracellular and extracellular virions

HIV-1 infection of primary PBMCs was examined by
immunogold electron microscopy. Virus particles were
found budding at the plasma membrane (Fig. 2a) and
within intracellular vacuoles (Fig. 2a. b). Budding virus
particles at intracellular membranes were also
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Fig. 2. Immunogold localization of Vpr in virus particles. (a) Vpr-specific gold particles were seen in the wild-type HIV-1 vinons in
the extracellular region (arrow 1) and in a cytoplasmic vacuole (arrow 2). Labelling was also found at a portion ot the vacuolar
membrane that showed higher density, consistent with that of a budding virus particle (arrow 3). The bar represents $00 nm. (5 Vpr-
specific gold labelled particles (15 nm diameter; arrowhead) were found in a large vacuole of an infected PBMC. N, nucleus. The bar
represents SO0 nm. {¢) An enlarged area of the vacuole (hoxed) in (h) is shown (rotated 90°) with Vpr-speafic gold particles (15 nm
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9 In resin section
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Fig. 3. Schematic representation of possible {ocations of Vpr-specific
gold particles in HIV-1 vinions embedded in thin resin sections. HIV-
1 virions associated with infected celis were embedded in resin and cut
into sections of 100 nm in thickness for post-embedding immuno-
staining and electron microscopic observations. Virions located at
the upper (a) or lower portion of the section (/) would have been cut
tangentially and the exposed Vpr antigen could be labelled with the
antibody if Vpr was situated near or bencath the viral envelope. These
virions would be predicted to appea: smaller under the electron
microscope and the gold particles would form a cluster. Virions cut
through the centre would be predicted to appear larger and gold
particles would form a ring-shaped pattern with (b) or without a core
(d and e). The diameter of these virions would appear to be similar to
that of typical virions. Virions embedded within the resin would not be
accessible to H,O, etching and their associated antigens would not be
exposed. A typical virion diameter is approximately 100 nm.

immunogold-labelled with the anti-Vpr antiserum (Fig.
2a). Particles at both sites were Vpr-positive, as indicated
by indirect immunolabelling with gold particles. No
significant background labelling was seen in the absence
of HIV-1, or when the Vpr antiserum was omitted or
substituted with a Vpx antiserum (data not shown).
The diameter of the virions was about 100 nm. With
100 nm-thick sections, the virus particles may be cut at
different levels, as shown schematically in Fig. 3. Sections
through the mid-portion of the virion would be predicted
to show immunogold labelling in a ring-like pattern if

Vpr was situated primarily just beneath the viral envelope
(Fig. 34, ). Witn sections near the edge of a virion (Fig.
34, f), immurjgold labelling of protein just beneath the
viral envelope would be predicted to cause clusters of
gold particles. Several examples of such gold particle
distributions are evident in Fig. 2(c).

Vpr expression during virus budding

Vpr gold labelling was also identified on virus particles
budding from the plasma membrane (Fig. 4). Immuno-
labelled Vpr could be identified on the condensed
membrane areas of budding (Fig. 44, 5) and beneath the
virus envelope of immature virus particles (Fig. 4b to f).
In some cases, a ring-shaped distribution of gold-labelled
Vpr was evident (Fig. 44, f). In dual labelling experi-
ments, gold particles (15 nm) specific for Vpr were found
beneath the virus envelope, whereas Gag p24-specific
gold particles (5 nm) were generally seen in the core of
the virion (Fig. 44 to f).

Wild-type and mutant Vpr expression in virions

Virions containing the 96 amino acid wild-type Vpr
protein as well as deletion mutants with alterations
between amino acids 79 and 85 (SRIG) or a truncation
mutant missing the C-terminal 17 amino acids (CRST)
were also examined. SRIG virions (Fig. 5b) contained
Vpr-specific gold particles in a similar distribution to
that of wild-type virions (Fig. 5Sa). However, CRST
virions contained very few Vpr-specific gold particles
(Fig. 5¢).

Quantification of Vpr-specific gold particles was
performed on several hundred electron micrographs and
the number of intracellular and extracellular particles per
virion determined (Table 1, Fig. 6). Wild-type virions
were labelled with an average of 1-5 Vpr-specific gold
particles per virion, whereas SRIG virions had an average
of 1-1 particles per virion and CRST virions contained
only O-1 particles per virion. Since both Vpr mutants are

Table 1. Distribution of Vpr-specific gold particles on HIV-1 in PBMCs 7

days after infection

Particles Particles
Average  Percentage per virion per virion
Sample Number of Number of  partucles of (extra- (intra-
(number)* particles virions per virion  wild-type cellular) cellular)
Wild-type (83) 6683 4467 1-5 100 1-6 0-8
SRIG (33) 1482 1292 1l 77 04 09
CRST (12) 65 639 01 7 NDt ND
Control (5) 12 550 0 | ND ND

* Number of micrographs examined.
t ~p. Not detected.

{
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Fig. 4. Vpr localization on budding virus particles. (a} Condensed plasma membrane structures are immunolabelled with Vpr-specific
gold particles (arrowheads). The bar represents 200 nm. (b) Virus budding from a condensed area of the cell membrane was labelled
with Vpr-specific gold particles (arrowheads). A single extracellular immature virion labeiled weakly with these particles (15 nm), but
better labelling with Gag p24-specific gold particles (5 nm) was observed. The bar represents 100 nm. (¢) Other immature virions
immunolabelled with Vpr-specific gold particles (arrowhead). The bar represents 100 nm. (d) Additional immature virions labelled with
Vpr-specific gold particles (15 nm, arrow 1) under the virus envelope as well as Gag p24-specific gold particles (5 nm. arrow 2). (¢) An
immature virion near the cefl surface was identified that labelled with Vpr-specific gold particles under the viral envelope (15 nm.
arrowhead), whereas Gag p24-specific gold particles (S nm) were seen in the central area of the virion. The bar represents 200 nm. (/)
A ring-shaped distribution of Vpr-specific gold particles (15 nm) was evident on an extraceliular virus particle, with Gag p24-specific
gold particles (5 nm) locaiized in the central core of the virion.

s
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Fig. 5. Immunolabeliing of wild-type and mutant forms of Vpr on HIV-
1 virions. (a) Vpr-specific goid particles labelled extracellular wild-type
virions (15 nm, arrow 1). Gag p24-specific gold particles (§ nm, arrow
2) were also observed in virions. An average of 1S Vpr-specific goid
particles per virion was found. The bar represents 200 nm. (b) Vpr
mutani SRICG virions also labelled with Vpr-specific gold particles
(15 nm, arrow 1). Gag p24-specific gold particles (S nm, arrow 2) and
Env gp120-specific gold particles (10 nm, arrow 3) were also identified.
An average of 1'1 Vpr-specific gold particles per virion was measured.
The bar represents 200 nm. (c) Vpr mutant CRST virions showed very
little Vpr-specific labelling (arrow 1), whereas Gag p24-specific gold
particles were still observed (5 nm, arrow 2). An average of 01 Vpr-
specific gold particles per virion was counted. The bar represents
200 nm.
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Fig. 6. Wild-type and mutant Vpr expression in virions as a percentage
of the total expression in the wild-type in HIV-l-infected PBMCs
infected for 7 days. Extracellular (0J) and intracellular (£3) Vpr
expression are shown, together with the average number of Vpr-specific
gold particles (on both extracellular and intracellular virions) as a
percentage of the wild-type ().

recognized by the Vpr-antiserum (Fig. 1; J. J. Wang et
al., unpublished results), the lower number of Vpr-
specific gold particles on CRST virions must be due to
lower expression of the mutant protein in the virion,
rather than a loss of immunogenicity.

With the wild-type, intracellular virions contained
about half the number of Vpr-specific gold particles per
virion compared to extracellular virions (Table 1, Fig. 6).

* In contrast, SRIG intracellular vinons were immuno-

labelled to a greater extent with the Vpr antiserum than
SRIG extracellular virions. The primary difference in
SRIG virions compared to wild-type virions is a result of
the much lower level of Vpr-specific gold particles in
extracellular virions (0-4 for SRIG compared to 1-6 for
wild-type), whereas no significant differences were seen
in the number of these particles in intracellular virions
(0-9 for SRIG and 0-8 for wild-type).

Discussion

The current findings demonstrate that HIV-1 virions
assemble in infected PBMCs by budding into ¢ytoplasmic
vacuoles and by budding from the plasma membrane.
Other investigators have also noted HIV-1 virions
budding into cytoplasmic vacuoles of infected primary
monocytes (Orenstein et al., 1988), the U937 monocytoid
cell line (Pautrat et al., 1990) and the JM T lymphoid ceil
line (Grief er al., 1991). Orenstein et al. (1988) and Grief
et al. (1991) identified these cytoplasmic vacuoles as
Golgi saccules. Our observations of HIV-[-infected
PBMCs failed to identify virions associated with typical
Golgi apparatus. However, it is possible that the




cytoplasmic vacuoles associated with HIV-1 virions in
PBMCs are derived from the endcplasmic reticulum or
Golgl saccules. Dual-labelling immunogold electron
microscopy experiments should be useful in further
characterizing the cellular compartment inv >lved.

The Vpr protein was detected by immunogold electron
microscopy at sites of virus budding, intracellularly as
well as at the plasma membraue, in both immature and
mature virions. Qur triple immunolabelling studies
demonstrated the localization of Vpr, Gag p24 and Env
gp120 proteins in virions. Lower levels of Gag immuno-
labelling than Vpr are a consequence of the use of a
monoclonal antibody for Gag p24, whose epitope is
more easily lost during fixation than the multiple epitopes
recognized by the anti-Vpr antiserum. The low intensity
of gp120 labelling in this study is consistent with previous
studies and reflects a lower level of gpl20 than p24
incorporation into virions (Hausmann et al., 1987; Hart
et al., 1993). In virions, Vpr was generally localized
beneath the viral envelope. This is consistent with
biochemical data suggesting that Vpr packaging into
virions is mediated by an inieraction with the C-terminal
portion of the Gag precursor protein, which is cleaved
into the p6 protein (Lu et al., 1993; Paxton e al., 1993).
Though the function of the Gag p6 protein is unclear, it
has been proposed to make up a core—envelope linker,
situat~d just beneath the virus envelope (Gelderblom et
al., 1987). ‘

Mutations in vpr had relatively minor effects on virus
replication in PBMCs (Dedera er al., 1989; Ogawa er al.,
1989; J. J. Wang et al., unpublished results). However,
virions derived from a HIV-l strain in which the C-
terminal 17 amino acids of Vpr were deleted (CRST)
exhibited markedly decreased levels of virion-associated
Vpr. This finding is attributed to a reduction in Vpr
packaging into virus particles, but additional defects in
Vpr transport or stability cannot be excluded.

A mutant Vpr protein (SRIG), in which residues 79 to
85 were altered, was packaged normally into virions at
intracellular sites, but was partially defective in in-
corporation into virions budding at the plasma mem-
brane. Whereas the ratio of full-lengtk Vpr incorporation
into extraceilular versus intracellular virions was approxi-
mately 1-6, the ratio for the SRIG mutant Vpr was 0-4.
These results indicate that the altered sequences may be
important for intracellular targeting of Vpr.

Our recent data indicated that when Vpr was expressed
in the absence of other viral proteins, it was found
primarily in the nucleus (Lu et al., 1993). However, when
Vpr was coexpressed with the HIV-1 Gag precursor
protein, it was incorporated into virions. These findings
provide further evidence that other viral proteins are
critical for export of Vpr from infected cells.

In conclusion, our results show that Vpris localized in

Expression of Vpr in HIV-] 7

virions primarily beneath the viral envelope. Further-
more, Vpr is incorporated into HIV-1 virtons on cellular
vacuolar membranes as well as at the plasma membrane.
An alteration of the highly conserved sequence at
residues 79 to 85 results in redistribution of Vpr virion
incorporation to favour intracellular rather thun extra-
cellular budding virions. Additioral studies of the
interaction of Vpr with the viral core structure will be
necessary to decipher its contribution to HIV-1 rep-
lication.

We thank Ms Nancy Vander Heyden for technical assistance. This
work was supported by grants NSC-81-0412-B-016-505 and NSC-§3-
0412-B-016-013 from the National Science Council of the Republic of
China, ACS grant FRA 373, contract DAMD-90C-0125 and an
American Foundation for A" S Research Travel Awird 200078-12-
SG.
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ABSTRACT

Reverse transcriptase-polymerase chain amplification reactions (RT-PCR) were used to identify transcripts for
HIV-1 structural and regulatory proteins in peripheral blood mononuclear cells of a cohort of 48 patients. At
least one set of PCR primers was capable of detecting HIV-1 transcripts in 94% of patients. Unspliced gag—pol
transcripts were detected with gag or pol primer sets in 60 and 63% of samples, respectively. A significant
inverse correlation was noted between transcript identification with the gag primer set and the number of
CD4-positive lymphocytes in the blood sample and the clinical stage of infection. Single-spliced env transcripts
were identified in 44% of individuals. Multiple-spliced taf or nef transcripts were detected in 6.2 and 53% of
individuals, respectively. These findings indicate that viral transcripts are expressed throughout the course of

HIV-1 infection.

INTRODUCTION

r I YHE NATURAL HISTORY of HIV- 1 infection is characterized by
an acute phase of illness within the first few months after
infection. a chronic and chnically indolent phase of disease

lasting a few months to more than 10 years, and a late stage of

illness characternized as AIDS with opportunistic infections and
malignancies.! Progression from the chronic asymptomatic
phasc of disease to AIDS is characterized by a continual decline

in the number of CD4 " Iymphocytes. an increase in the level of

viremia,”* an increase in the number of HIV-1 DNA-positive
lymphocytes, * and an increase in the number of infected cells
that express viral gene products.®” The increase in virus gene
expression assoctated with disease progression s likely eritical
to the pathogenesis of HIV-1 ! Increased virus expression s
result from changes i host immune regulaton and virus-
mediated regulatory influences. The goal of the current study
was to examine the influence of viral regalatory genes n a
cross-sectional cohort of patients at different stages of discase
The HIV-1 genome includes overlapping reading trames tor

structural genes (gag. pol. and env) and regulatory genes (rar.
rev, vif, vpr, vpu, and nef) (Fig. 1A)." Structural genes encode
proteins found in the virus particle that are important for the
assembly and enzymatic functions of the virus. Regulatory
genes encode proteins that are generally not found in the virus
particle (with the exception of vpr) and that are thought to be
important for virus replication in the host cel.” Two reguliton
gene products modulate virus transcription, and were theretore
chosen as a major focus of the current study. These include Tat.
which is a potent positive effector of virus gene expression” and
Nel. which appears to be a4 weak negative modulator of virus
RNA synthesis. ' The Rev protein also exerts a regulatory etfect
on mRNA expression, ! but was not included i our analysis
Eapression of the HIV-1 genome s mediated by three classes
ot viral mRNAs: unspliced (9.0 Kby single-sphiced (4.5 kb and
multple-spliced (1.8 -2.2 kb) transcripts (Fig, 1B-I ' Strue
tural genes are encoded by the first two classes of transenpls.
with the unspliced mRNA producing Gag and Pol proteins and
sigle-spliced mRNA producing Env proteins Gas well as Vif.
Vpr.and Vpu productsy. ' Regulatory genes (with the exception
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of vif. vpr. and vpu) are expressed from multiple-spliced
mRNAs. The single-spliced vpu—env: mRNA utilizes splice
donor and splice acceptor sites at nucleotides 287 and 5557 (Fig.
10)" (nucleotide positions according to Ret. 14). The multiple-
sphiced mRNASs all utihize splice donors at nucleotides 287 and
5625, and a splice aceeptor at nucleotide 7956 (Fig. 1D).
Utilization of a particular splice acceptor site in the central
portion of the genome distinguishes nef mRNAs (splice acceptor
at nucleotide 3557) from tar mRNAs (splice acceptor at nucle-
otide 5357). and from other regulatory gene transcripts. Addi-
tional exons in the central portion of the genome are utilized in
regulatory gene transeripts. '

The current study has utilized these features of splicing to
develop reverse transcriptase-polymerase chain (RT-PCR) as-
says capable of distinguishing transcripts for individual HIV-1
structural or regulatory genes. Primers complementary to se-
quences in different exons were utilized to amplify spliced bui

[ T T
A. Genome; O 2 4 6 8 kb
2]
F  —CTa—
Structural
Proteins C e ]
-l
Reguiatory vor]n.] =1
Proteins
f—rov—HN

Transcripts

B. Unspliced

Single-
C. Spliced

env-genomic

m@m EZW bp env-spliced
5557
D Muitiple- —eeell .. _____---‘n‘.\’_,n——'

spliced %) .
@M 308 bp ey
Jo8Bp  net

E.
g2 Anneaiing | Number
Conc Temp of cycles
15t Round 7mM 47°C 24
828 2nd Rouna | 3mM 53°C 29
, 15t Round 7mM 41°C 24
2 2nd Round |  3mM 41°c 34
env- 15t Round 4mM 48°C 28
@2r9TIC pnd Round | 3mM 50°C 30
£ex- 2.5mM 53°C 29
spliced
1st Round 3mm §2°C 35
tat 2rd Hound | 3mM 52°C s !
1st Round amM 52°C 3s
el .
2nd Round 3mm 52°C as
tem ethoung | amMm 56°C 35
SeTURNCe  2ng Round 3mM 56°C 35
[ g-ecun Lzzmu 45°C 29
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notunsphiced transcripts tbig. FCand D) The single spliced env
mRNA 15 distinguished from maluply spheed repulatory gene
mRNAs by using a downstream primer (Senv) complementary
toasequence presentin the env mRNA| but removed by splicing
from regulatory gene mRNAs (Fig. 1C). Different regulatory
gene transeripts are distinguished from one another by the use of
primers complementary to the sequence spanning the splice
acceptor site unique for the particular transcript (S4B at nucle-

otide 5357 for tar mRNA and S7B at nucleotide 5557 for nef

mRNA).

In the current study. we have used nested sets of primers to
perform PCR on RNA extracted from patient peripheral blood
mononuclear cells (PBMCs) at various stages of disease. as
characterized by the number of CD4 " lymphocytes. We have
identified structural as well as regulatory poly(A)' RNA tran-
scripts in patients with a wide range of CD4 cell counts. We
demonsirated acuve transeription of mRNA trom several re-
gions of the HIV-1 genome in patients who have no symptomatic
discase as well as in those who have AIDS.

MATERIALS AND METHODS

Patients

Blood was drawn from 48 HIV-1-seropositive patients pre-
senting to the Washington University AIDS Clinical Trials Unit
(ACTU) between October 1991 and May 1992, Most patients
were being screened for entry onto ACTU protocols and 37
patients had not previously received an antiretroviral drug
(Table 1). All patients gave informed consent.

FIG. 1. HIV-1 RNA RT-PCR analysis. (A) The schematic
drawing of the HIV-1 genome is shown with the nucleotide
positions relative to the RNA initiation site indicated above.
Genes encoding structural proteins and regulatory proteins are
indicated separately. (B) The unspliced transcript that encodes
Gag and Pol proteins is indicated as well as the positions of the
nested primer sets in each gene. Arrows indicate positions of the
primers, and the designation for cach primer is shown in the box
above or below the arrow. Nucleotide positions of the primers
are mdicated outside the boxes. The predicted sizes of the
products of the nested PCR reactions are underlined and indi-
cated below the boxes. In the case of env-genomic products. the
actual product size was 22 bp larger than the genome locations
would indicate because of the addition of 11 bp on each primer.
including an FcoRY restriction enzymie site. (C) The single-
sphiced transernipt encoding Env and Vpu products is indicated
with the dotted line indicating the intron that s removed by
splicing. The nested env-genomic primers are indicated. as well
as the envspliced primers. (1) The multiple-spliced transenpts
are represented by a schematic showing one of the rar mRNAs

In cach case. the first round of PCR was pertormed with primers
ST and S11 shown in the '~ and 3 -most exons. he second
round of PCR was pertormed with primers S4B (for rar mRNAS)
or S7B (for nef mRNAWY. both of which span the first splice site.
and with primer A3 toundin the 37-mostevon. The predicted
nested PCR product sizes for rar and nef transeripts are under-
lined and indicated to the right. (E) Reaction conditions tor PCR
are hsted.
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TABLE 1. IMMUNOLOGICAL MEASUREMENTS AND POLYMERASE CHAIN REACTION RESULTS ON PATIENT COHORI
Immunological PCR results

patient  CDC CD4' CD4 CD8 (DS eny env
No. cluss  (No.) (%) (No.) (%) THT8 AVI®  gag  pol  (genonmuc)  (spliced)  tat netf  net-sey

i C3 0 0 223 62 0.0 Yes + + + —

2 c3 0 0 529 55 0.0 Yes + + + 4 -

3 C3 6 7 37 41 0.16 Yes + + + - -
4 B3 8 | 424 hY! 0.02 Yes + + + +

5 C3 8 t 178 22 0.04 Yes + + + +

6 C3 10 N 119 57 0.08 + + + B

7 C3 23 2 897 79 0.03 - + + 4 s

8 B2 24 2 722 59 0.03 Yes + - - - -
9 B3 32 5 486 76 0.07 Yes + + + ~
10 B3 62 4 1287 83 0.05 + + + 4 + -
11 B2 86 8 713 66 0.12 + - - - - -
12 B3 105 5 99() 47 0.11 Yes r - - - - + -
13 A3 137 6 1938 85 0.07 ~ - - - - +
14 Al 177 12 354 58 0.21 Yes + + - B -
15 B3 185 19 614 63 0.30 - - + + - . +
16 B3 191 ! 1180 6¥ 0.16 + + + + - +
17 B3 195 21 492 53 0.40 + + j + .
18 A2 255 16 294 56 0.29 - - - + - + +
19 B2 259 16 875 54 0.30 + + + — + -
20 A2 281 15 116l 62 0.24 + + + + - + —
21 A2 297 25 654 55 0.45 -~ + + — - - -
22 Bl 306 29 444 42 0.69 ~ — + + - - -
23 B2 333 17 1420 58 0.29 - + - + - + —
24 B2 336 28 576 43 0.65 + + - - - + -
25 A2 358 23 935 60 0.38 + + + ~ - + -
26 B2 365 28 770 59 0.47 + - + + - + +
27 A2 370 22 959 57 0.39 + + + + - - —
28 B2 370 14 1614 61 0.23 + + + + - - -
29 B2 383 25 826 54 0.46 - - - - - -
30 A2 390 29 685 51 0.57 - - - - - + -
31 A2 392 30 626 48 0.62 - - - + - ~ -
32 A2 408 17 1392 58 0.29 Yes + + + + + + -
33 A2 421 20 1221 58 0.34 - - + + - - -
34 A2 424 16 1962 74 0.22 + + - - + + +
35 C2 426 36 463 39 0.92 + + - — — -
36 A2 434 29 763 51 0.57 + + + 4 - - -
37 A2 460 31 728 49 0.63 + - - - - -
38 A2 490 28 998 57 0.49 + + - + - - +
39 Al 535 25 1214 59 0.44 + + + +
40 Al 560 32 980 56 0.57 - - - + - -
41 Bl 564 18 1942 62 0.29 + + — - -
42 Al 569 19 2065 69 0.28 - + + 3 - - -
43 Bl 587 26 1331 59 0.44 - - - - -
44 Bl 647 13 902 46 0.72 - - : -
45 Al 686 26 1399 53 0.49 Yes + + - - .
46 Al 822 3] 1405 53 0.59 - + - + - +
47 Al 902 S2 520 30 [.73 - -
48 Al 1280 49 706 27 1.81 - 1

*AVT. antiviral therapy: yes. patients were known (o have been on therapy within the previous 6 months: blunks indicate patient
had not hbeen on therapy .
Cells (10% dimethylsultoxide [DMSO] and 404 fetal calt serum in
RPMI medium) and viably frozen at - 75°C.

Peripheral blood mononuclear cells were purified by Ficolt-
Hypaque (L.SM: Organon Teknika Corp.. Durham. NC) gradi-
ent centrifugation from heparinized venous blood of patients.
Separated cells were washed twice with phosphate-buffered Samples of patient cells, frozen as desenibed above. were
saline {PBS) and aliquots were suspended in freeze medium thawed. and the number of viable cells counted i the presence

Purification und quantitation of polvadenviared RNA
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of trypan blue (>95% viable). Aliquots of § X 10° cells were
used for isolation of poly(A) " RNA according to the Micr-Fast
Track procedure (Invitrogen, San Diego, CA). The punficd
poly(A)" RNA was treated with RNase-free DNase (40 units:
Bochringer Mannheim, Indianapolis, IN) at 37°C for 10 min in
the presence of 1| pg of carrier tIRNA, 10 mM MgCl,. 0.1 mM
dithiothreitol, and 200 U of RNasin (Promega. Madison. WI).
Each reaction was stopped by addition of 4 pl of 0.5 M
ethylenediaminetetraacetic acid (EDTA) and 4 pul of 10%
sodium dodecy! sulfate (SDS). DNase-treated poly(tA)’ RNA
was extracted once with pherol—chloroform-isoamylt alcohol
(100:96:4) and the aqueous phase was precipitated by the
addition of glycogen carrier (10 i), 30 pl of 2 M sodium
acetate. and 3 vol of cold ethanol and kept at —70°C overnight.
The precipitate was collected by centrifugation. dricd at room
temperature, and dissolved in clution bufter.

Quantitation of poly(A)* RNA was accomplished by measur-
ing the incorporation of oligo(dT)-directed incorporation in the
presence of Moloney murine leukemia virus (M-MuL V) reverse
transcriptase (RT) of | 'H]dCTP into DES|-retainable material,
using purified globin mRNA (GIBCO/BRL/Life Technologies.,
Gaithersburg, MD) as a standard. A 2-pl sample of cach purified
RNA from above was denatured at 65°C for 3 min and then
added to a reaction mixture (final volume., 20 pl) containing the
following: 80 U of RNasin. 0.02 OD of oligo p(dT),, ,4. 0.4
mM cach of JATP, dGTP. and dTTP. 5 pCi of [*H]dCTP (28
Ciymmol: ICN Radiochemicals, Irvine, CA). 50 mM Tris-HCl
(pH 8.3). 30 mM KCI, 8§ mM MgCl,. 1 mM dithiothreitol, and
20 U of M-MuLV RT (GIBCO/BRL, Gaithersburg. MD). The
reaction was incubated at 37°C for | hr and stopped by the
addition of 4 vol of 10 mM Tris-HCI (pH 7.5) containing 1 mM
EDTA. Duplicate 50-pul samples were spotted onto DES] filter
paper disks and dried. Filters were washed five times in 5%
sodium phosphate dibasic, once in 95% ethanol. dried. and
counted in a liquid scintillation counter. A standard curve using
50 pg to 2.5 ng of purified globin mRNA was run with each
assay and was used to calculate RNA concentrations of patient
samples. Samples that did not fall within the lincar portion of the
standard curve were diluted appropriately and the assay re-
peated.

Reverse Transcriptase-Polvmerase Chain Reaction

The RT reaction was performed using 1.5 x 10° celi equiva-
lents of RNA in a final volume of 20 pl containing the following:
I mM cach of JATP. dCTP. dGTP. and dTTP. 6.5 mM MgCl,.
10 mM Tris-HCl (pH 8.3), 50 mM KCI, 20 U of RNasin. 2.5
pM random primers (GIBCO/BRL) and 2.5 U of M-Mul.V RT
(GIBCO/BRL.). The reaction was incubated at room temperature
for 10 min and then at 42°C for 35 min and was terminated by
heating a: 99°C for S min.

For PCR | the 20-pl reaction from above was added to a tinal
volume of 50 pl containing the following: 300 uM cach of
dATP. dCTP. dGTP, and dTTP. 10 mM Tris-HCl (pH 8.3). 50
mM KCL 0.01% gelatin, 10 pmol of each primer. 1.25 umits of
Tayg polymerase (Amplitag: Cetus Corp., Emeryville, CA) and
MgCl, as shown in Fig. 1k, Primers. anncaling temperatures,
cycle numbers, and expected product sizes tor PCR amplilica-
tions arc shown in Fig, 1B-E. The genomic locations of all JA
primers were given by Albert and Fenyo.'™ The env primer set
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(JAYE, JATOE. JALIE. and JAI12E) 15 as deseribed by Albent
and Fenyo, with the addition of an EcoRi site at the 7 end of
cach primer. SK primers were as described by Ou er o '"
B-Actin primers were described by Michacl ef af'7 The se-
quences of other primers are as follows:

S1: 5-TCTCTCGACGCAGGACTCGGCTTGC-3" (HIV-]
nucleotides: 226-250)

Senv: 5'-CCACACAACTATTGCTATTATT-3" (HIV-1
nucleotides: 5707-5686)

SHE: S"-TCCAGTCCCCCCTTTICTTTTAAAAA-Y
(HIV-1 nucleotides: 8641-8666)

$4B: 5-GAGGGGCGGCGACTGAATTGGGTGTC- 3
(HIV-1 nucleotides: 275-287, 5357-536¥)

S$7B: 5'-GGGGCGGCGACTGGAAGAAGCGGAGA-3
(HIV-1 nucleotides: 275-287, S557-5569)

LA41v: §"-CTTCGGGCCTGTCGGGTCCCCTCGHGG-3
(HIV-1 nucleotides: 7995-7970)

NefAS: 5'-AGCACTCAAGGCAAGCTTTATTGAG-3'
(HIV-1 nucleotides: 9210-9186)

8306: 5'-TTCCGAATTCAAGCTTGTAGAGCTATTCGC
C-3" (HIV-1 nucleotides: 8306-8325)

9134: 5'-TTCCGAATTCGAGCTCCCAGGCTCAGATCT
GG-3' (HIV-1 nucleotides: 9134-9113)

The initial RT-PCR assay on a particular RNA preparation
included reactions with or without the RT. as a control. Only
samples that yielded no product in the absence of RT. thus
indicating the complete removal of DNA, were used for further
analysis. DNA products were analyzed by agarose gel electro-
phoresis and ethidium bromide staining.

Sensitivity of tat and nef polvmerase chain reaction

The plasmid pCV 1, containing 1.8-kb insert of a cDNA copy
of rat mRNA | and the plasmid pCV3. containing a 1.7-kb insent
of a ¢DNA copy of nef mRNA.” were used to determine the
sensitivity of the 7ad and nef nested PCR reactions using DNA as
a target. S1 and ST were used in both cases as the outside
primers (Fig. 1D). With pCV 1. at least seven copies of rar DNA
could be detected in a reaction mixture when S4B and LadlV
were used as the inside primers. With pCV3 DNA as a target and
S7B and Lad1V as inside primers. at least seven copies of DNA
could be detected by PCR.

The sensitivity of the nested PCR reaction for detection of rar
and nef RNA transcripts was also determined. pCVi and pCV3
were digested with Psil and cloned mto Blueseript KS (Pharma-
cia LKB Biotechnology, Piscataway . NJy. Bluescript plasmids
were hinearized using Smal tor the rar plasmid or EcoRI tor the
nef plasmud. In vitro transcription products were svathesized
with T3 or T7 polymerase according o a standard protocol
(Promega) using an in virro transcription Kt (Stratagene. La
Jolta. CAY. RNA products were treated with DNase | prior o
analysis on ethidium bromide-staned formaldehyde gels RNA
was purtfied through two push columns (Stratagene) and the
optical density of the final product was determined and used to
calculate RNA copy number tor PCR sensitivity analysis. Our
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nested pnimer miethod could consistently detect 10 1o 100 copies
of in vitro-synthesized transcripts.

RESULTS

Immunological characteristics of study patients

Blood samples from the 48 patients were analyzed for immu-
nological markers. CD4 " lymphocyte counts ranged from 0 to
1280/mm* (mean. 352/mm*; normal range. 1000-1500/mm’);
CD4 percentage ranged trom 0 to $2% (mean 20% ) CD& ' cell
counts ranged from 37 to 2065/mm” (mean. 924/mm’); CD$
percentage ranged from 22 to 85 (mean, 55%); and CD3/CD3
ratio ranged from O to 1.81 (mean. 0.21). The subjects are listed
in Table 1 according to increasing CD4 ' Iymphocyte counts.

Strategy for the detection of HIV RNAs

Asshownin Fig. I, HIV RNAs were detected with nested sets
of PCR primers. The locations of primers within the HIV
genome and relative to each other are shown in Fig. 1B-D.
Primer pairs for gag and pol were designed to amplify unspliced
RNAs (Fig. 1B). und primer pairs for env-spliced (Fig. 10), tat
(Fig. 1D). nef (Fig. 1D), and nef-sequence (using primers S7B
and NefAs in the first round and primers 8306 and 9134 in the
second round. Fig. 1E) were designed to amplify spliced
mRNA. Whereas primers for env-genomic are capable of ampli-
fying both unspliced and single-spliced transcripts, primers for
env-spliced amplify only spliced env mRNA. Two different sets
of primers were utilized for nef mRNA which amplify products
of 108 bp (n¢f) or 828 bp (nef-sequence). For RNA preparations
in which HIV-specific transcripts were not detected, the quality
of the RNA was confirmed by RT-PCR with @-actin primers
(Fig. 1E).

Detection of HIV RNAs

The results of the nested PCR assays for HIV RNA with seven
different sets of primers are shown in Table 1. Of the 48 patient
samples that were analyzed with all 7 sets of nested primers, 45
(93.8%) were positive with at least 1T set of HIV-specific
primers. The three samples in which no HIV-| transcripts were
detected were obtained from paticnts with CD4 cell counts ot
383, 587. and 902/mm’, respectively. None of the latter three
patients had received antiretroviral therapy.

When nested sets of primers were used for the detection of

unspliced RNAs, the gag primer sct yielded 29 of 48 (60% )
positive results, the pol nested primer set yielded 30 of 48 (63% )
positive results, and the emv-genomic nested primer set yielded
31 of 48 165%) positive. All of these primer sets should detect
unspliced RNA. whereas the env-genomic primer set should also
detect spliced env RNA species. There was good correlation
between the results with gag and pol primer sets. with 23
samples yielding positive results with both primer sets, 6
samples vielding positive results with the gay primer set but not
the pol primer set. and 7 samples viclding positive results with
the pol primer set but not the gag primer sct. Discordances nay
be due to sequence variation at sites of binding of individual
primers. Twenty-two samples were positive with env-genomic
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primers as well as both gag and pol primer sets, S samples were
positive with env-genomic primers and gag or pol primer sets. 4
samples were positive with env-gepomic primers but neither cay
nor pof primers. and {1 samples negative with env-genamic
primers were posttive with gag and-or pol primers

When nested sets of primers were used for the detection of
spliced RNAs. the env-spliced primer set yielded 21 of 48 (440
positive results. the rar set yielded 3 of 48 (6.2%) posiive
results. nef primers vielded 28 of 53 (539% ) positve results, and
the nef-sequence primer set yvielded Y of 48 (19%) positive
results. Discrepancies between the two difterent nef primer sets
may be due to sequence heterogeneity. as well as 1o the lower
sensitivity of the nef-sequence primer set compared to the nef
primer set.

Kendall Tau b cor 2lation coetlictents and p values of signit-
cant inverse correlations were determined between results off
transcript detection and immunological parameters and chimical
parameters. Table 2'7* shows the results of these calculations for
transcripts that cither approached or attained statisuical signi-
ficance when correlated with various immunological parame-
ters. Statistical significance (at the level of p < 0.05) was
achieved in the correlation of gag transcripts with CD4 cell
count, CDC chnical stage. and CDC clinical/CD4 stage. pol
transcripts with CD4% . env-genomic transcripts with CD4%
and nef-sequence transeripts with CD8% .

DISCUSSION

Our results support and extend the conclusions of other
investigators who have documented the presence of HIV-1
transcripts at all stages of disease. Thus. we and others have
detected mRNA for structural proteins in a high percentage of
patients, and at all levels of CD4 lymphocytes.” ™' In addi-
tion. our study is the first to examine the expression of taf and nef
mRNAs in a cross-sectional cohort of subjects. We have shown
that mRNAs for these regulatory proteins are aiso present in
peripheral blood mononuclear cells of patients with CD4 cell
counts in the range of 0 to 822 cells/mm®. Whereas rar mRNA is
rarely detectable under the current assay conditions, nef mRNA
is detectable in the majority of HIV-1-infected individuals. The
higher level of aef than rar transcripts may be a retlecuon of
similar results obtained in studies of HIV-1 infection in
vitro.™ 7 Rev is another important HIV regulatory protein. but
has not been included in this present analysis of patient PBMCs.

Schaittman ef al. used an RT-PCR technique to assess the
transcriptional activity of HIV- 1 an peripheral blood mononu-
clear cells from infected patients.” They found viral transeripts
in 84% of the individuals | regardless of the climeal status of their
HIV discase or the use ot antirctroviral therapies. In addition,
they showed a significant inverse correlation between the pres-
ence of gag mRNA and CD4 counts of less than 300 Thas
finding ts confirmed in the present study. and extended by
demonstrating that env-genomic transeripts were also sigmihy-
cantly assoctated with depressed CD44 and CDLCDS rato. 1t
remains to be determined by longiudinal studies whether the
presence of any of these transenipts in the penipheral blood
mononuclear cells of a single patient is predictive of more rapid
Progression or more severe disease.,
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Tasie 2. KENDALL TAU b CORRELATION ANALYSIS BETWEEN PrESENCE OF HIV-1 RNA
TRANSCRIFTS AND IMMUNOLOGICAL PARAMETERS
Correlation coefficient (P)
coCt e
Gene D4 CDH (%) DS CDS (%) CDLCDS clin clintCH4
gag ~4.25 —-0.24 ~0.18 -0.02 -0.21 0.36 0.38
(0.03) (0.05) (0.13) (0.90) (0.08) (0.01) (0.003)
pol ~0.17 —~0.25 0.02 0.09 0.22 0.16 0.16
(0.16) (0.04) (0.88) (0.47) (0.06) (0.25) (0.22)
env-gen -0.22 —-0.29 ~-0.07 0.20 -0.27 0.12 U 13
(0.06) 0.02) (0.56) (0. 1h (0.02) (0.30) (0.31)
nef .09 0.006 (.20 .10 0.009 -0.27 —-0.15
(0.94) (0.96) (0.09) (().43) (.94 (0.05) (0,24
nef-seq ~0.08 -0.02 0.21] 0.28 -0.04 -0.09 -0.05
(0.95) (0.87) (0.08) (0.02) (0.72) {0.53) (0.7

*CDC classification of HIV infection based on clinical status. Categories are (1) asymptomatic,
(2) symptomatic, non-AIDS. and (3) AIDS-indication illness.

"CDC classification of HIV infection based on clinical status and CD4 cell count. Above
catezories are subdivided into three groups: CD4 count >500/mm’. 200-499/mm*. and <200/

Y17
mm e

Schnittman et al. also detected spliced mRNAs containing the
major splice junction (msj) and tat/rev.® Only 6 of 49 patients
had detectable ms;j transcripts whereas 29 of 49 had rar/rev
transcripts but no significant correlations with other parameters
were demonstrated. We detected rar mRNA in only 3 of 48
patients, nef was detected in 24 of 48, and, using nef-sequence
primers, we detected nef RNA in 9 of 48. There was a significant
(p = 0.02) correlation of CD8% with the presence of transcripts
detectable with the nef-sequence primer set. The significance of
this finding with respect to disease stage or progression is not
certain at present. The ability of these PCR techniques to detect
unspliced and spliced HIV RNAs in patient PBMCs at all stages
of discase demonstrates the breadth of transcriptional activity of
HIV.

Others have described analyses of PBMC RNA for rar
mRNA. Furtado er al. performed PCR on 6.6 X 10° cell
cquivalents of total celfular RNA with an internal rar RNA
control, and calculated a range of 2500-6500 copies of rar
mRNA/I0” PBMC.”* Patterson er af. used PCR-driven in situ
hybridization on patient PBMCs. and detected raf RNA in <1 to
8% of cells.”* The difterences between these results and our data
may be accounted for by the different RNA extraction methods.
different amounts of RNA in the assay, ditferent PCR tech-
niques, or different primers used for PCR.

Michacel ¢f af. have demonstrated that progression of HIV
disease 18 characterized by a conversion of transcripts from
spliced 10 unspliced genomic RNA.'7 Schsama and collcagues
also reported higher ratios of levels of spliced and unspliced
mRNAs in asymptomatic HIV-1-infected :dividuals compared
1o AIDS patients.** These tindings reflect the findings obtained
with an in vitro model of HIV-1 Iatency. which shows a
preponderance of muluple-spliced over unspheed transerpts.
When HEV-1 s activated from latency in vitro, the ratio of
unspliced to multiple-spliced transcripts increases.” Although
our data are not quantitative . the significant inverse correlations

of the presence of gag and env-genomic transcripts with CD4
number and percentage support these observations.

The current study is limited to examining cellular RNAs
rather than free genomic RNA in the plasma. Oumann and
colleagues demonstrated HIV-1 genomic RNA in 95% of in-
fected individuals.”” and Bagnarelli and colleagues show the
levels of plasma RNA correlated with disease stage better than
did the levels of cell-associated RNAs.™ The current study is
also limited to examining viral transcripts in PBMCs. which
may differ from mRNAs present in tissues. Analysis of viral
transcription in vivo should provide further understanding of
HIV-1 pathogenesis, and may serve as a marker for monitoring
antiviral therapies.
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